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Summary

Antiferromagnet (AF) has recently regained an increasing interest as a
potential active element for spintronic devices. Featuring negligible stray field,
large anisotropy and fast spin dynamics, the AFs can potentially lead to
devices with improved performances as compared to their ferromagnet (FM)
counterparts. Before reaping these benefits, a key question needs to be
answered is whether the AF spin states can be altered and detected like the
FM. Apart from current-induced Oersted field, spin transfer torque (STT) and
spin orbit torque (SOT) can be potentially utilized to change the spin states of
AFs. However, unlike FMs, experimental studies on the interactions between
non-equilibrium spins or spin current (the origin of STT and SOT) with AFs
are still quite limited.

In this dissertation, we present a systematic study of the interactions
between spin current generated by Pt, a heavy metal (HM) with strong spin-
orbit coupling, and FeMn, a commonly used AF, in both FeMn/Pt bilayers and
[FeMn/Pt]n multilayers. First, a large field-like SOT effective field of 2.05x10"
5 - 2.44x10° Oe (A cm?) is observed in FeMn/Pt bilayers with a FeMn
thickness of 2 - 5 nm, as revealed by 2™ order planar Hall effect (PHE)
measurements. The large magnitude of the effective field corroborates the spin
Hall origin, considering the much smaller uncompensated net moment in
FeMn. The efficient absorption of spin current by FeMn is further affirmed by
the fact that spin current generated by Pt in NiFe/FeMn/Pt trilayers can only
travel through FeMn within a thickness of 1 —4 nm.

Second, a sizable spin Hall magnetoresistance (SMR) is observed in

FeMn/Pt bilayers, which further confirms the presence of SOT effect
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considering the common origin of SMR and SOT. The dependence of SMR on
FeMn thickness is different from that of NiFe thickness dependence in NiFe/Pt
bilayers, which is attributed to the thickness dependent net magnetization in
FeMn. Through analysis of the Pt thickness dependence of SMR, we were able
to extract the spin Hall angle and spin diffusion length of Pt as well as the real
part of spin mixing conductance of FeMn/Pt interface, and the values are 0.2,
1.1 nm, and 5.5 x 10'* Q! m?, respectively.

In the last part of this dissertation, we extend the study to [FeMn/Pt]a
multilayers with ultrathin FeMn and Pt layers. It is found that multilayers with
properly chosen thickness combinations exhibit global FM order above room
temperature. We further demonstrate that a large field-like SOT effective field
can be induced by a charge current passing through the multilayers without the
need for an additional thick HM layer. The SOT effect can be accounted for by
the combined action of spin current generation in Pt layers and absorption in
the neighboring FeMn layers. The SOT is able to rotate the magnetization of
the multilayer by 360° without the need for any external field.

The findings obtained in this work shall stimulate further studies on spin
current transport and related phenomenon in AFs with different types of
crystalline and spin structures, which have potential applications in next-

generation spintronic devices.
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(a) Fitting of M-T curve of [FeMn(0.6)/Pt(0.6)]s/Pt(3)
sample using Eq. (6.1); (b) Fitting of M-T curve of
[FeMn(0.6)/Pt(0.6)]s/Pt(3) sample using Eq. (6.2) with
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Chapter 1 Introduction

1.1 Ferromagnet spintronics

As the continuous downscaling of complementary metal-oxide-
semiconductor (CMOS) technology begins to face significant challenges,'
over the past decades, considerable research efforts have been made to explore
device technologies that can serve as an alternative for or complementary to
the CMOS technology. One of the possible pathways is spintronics, which
makes use of spin degree of freedom of electron rather than charge only as in
conventional electronic devices. While the study of spin-related phenomena in
semiconductors and metals dates back to 1970s,” it was the discovery of giant
magnetoresistance (GMR) effect in 1988%* that formally started a new
research field called spintronics. As illustrated in Fig. 1.1, the GMR effect has
its origin in spin-dependent transport in ferromagnet (FM)/non-magnet (NM)
superlattice structures. The resistance of the multilayer is low when
magnetizations of the FM layers are aligned in parallel and high when they are
aligned in anti-parallel. As the difference is much higher than that caused by
the anisotropic magneto-resistance (AMR) effect in a single layer of FM, it
was termed ‘“giant” magneto-resistance. The discovery of GMR immediately
attracted the interest of hard disk (HDD) industry because of its immense
potential as a sensitive sensor. A variation of the GMR structure, which is
more suitable for low-field applications, is the exchange-biased spin-valve
(SV). The SV, which was invented by IBM in 1991, was quickly developed
into a viable technology and adopted in the hard disk drives in 1997.° This has

enabled the areal density of HDD to increase by a compound annual growth



rate of about 60% for almost two decades.”® In addition to magnetic sensors,
efforts have also been made to exploit the SV technology for applications in
magnetic random access memory (MRAM),” in which the parallel and anti-
parallel alignments of two FM layers separated by an NM layer are used to
store “1” and “0” in a non-volatile fashion. Compared to other types of non-
volatile memories, the MRAM is fast and has almost infinite number of read-

write cycles.

FM NM FM ) FM NM FM

Spin

l

(@)

Spin

|

FIG. 1.1 (a) and (b), schematics of current in GMR device with two FM layers
of (a) parallel magnetization configuration and (b) antiparallel magnetization
configuration; (¢) and (d), simplified equivalent circuit of the device in parallel
configuration (¢) and antiparallel configuration (d). Figure adapted from Ref.

[8].

Stimulated by the discovery of GMR effect, there was a renewed interest
in magnetic tunnel junctions (MTJ), which was originally discovered by M.
Julliére in Fe/Ge-O/Co junctions in 1975.!° The original device had a tunnel
magnetoresistance (TMR) ratio of about 14% at 4.2 K. By replacing the Ge-O
barrier with amorphous aluminum oxide, T. Miyazaki!' and J. Moodera'?

found a TMR ratio of 18% and 11.8% in Fe/AlOx/Fe and in CoFe/AlO«x/Co



junctions, respectively, in 1995. Follow-up improvement on the electrodes
materials and barrier formation process successfully boosted the TMR to
70%.'3 In addition to its large TMR ratio, the current-perpendicular-to-plane
(CPP) design of MTJ brings it significant advantages as both a sensing and
memory device as compared to the current-in-plane (CIP) spin-valves. The
advantages of MTJ were further boosted with the advent of MTJs using
crystalline MgO barrier. In 2001, a number of theoretical predictions'*!
suggested extremely high TMR in MTJs in lattice-matched and well-ordered
Fe/MgO/Fe junctions due to excellent “spin filter” property of the Fe/MgO

interface. Soon after these theoretical works, two groups!'®!

reported
experimental realization of crystalline MgO-based MTJs with a TMR ratio of
180% and 220% at room temperature, respectively. Nowadays, more than a
few hundred percent of the TMR ratio can be readily achieved in MgO-based
MTJ with various electrodes,'®2! with the highest TMR ratio up to 604%.
With its large signal and good impedance compatibility with CMOS, the
MgO-based MTJ is enroute to become a universal building block for
spintronic applications.

Another significant development in the field of spintronics is the
theoretical prediction of spin transfer torque (STT) in magnetic materials and
structures with non-collinear magnetization configuration in 1996 by J. C.
Slonczewski** and L. Berger’* and subsequent experimental verifications by
several groups.>?’ This development was significant because, up till then,
Oersted field was the only mechanism for magnetization switching in

spintronic devices. The situation changed completely with the emergence of

STT, which made it possible for the first time to switch the magnetization of a



magnet by a current directly without the need to convert it to an Oersted field.

Although the STT has been realized in a variety of systems including point

25,27 28,29

contacts, nanopillars, nanowires,’® spin valves,*!*? and MTJs>** its
underlying principle is the same, which is best understood using the trilayer
structure shown in Fig. 1.2. The typical trilayer structure consists of a fixed
and a free FM layer separated by a non-magnetic conductor. When electric
current passes through the fixed FM layer, it becomes spin polarized with the
electron spin polarization determined by the magnetization direction of the
fixed layer. Upon entering the free layer (i.e., electrons move from fixed layer
to free layer), the non-equilibrium electron spin will precess around the
exchange field from the local magnetic moment of the free layer. During this
process, the transverse non-equilibrium moment will be averaged out quickly.
Based on the principle of momentum conservation, the transverse moment of
polarized electron is absorbed by the free FM, leading to the rotation of its
magnetization. To switch back to the original state, one just needs to change

the current direction such that electrons reflected back from the fixed layer

will cause the switching of the free layer.

Fixed Free
FM Spacer FM

Unpolarized
current

! \ 7
P e-qp

)

FIG. 1.2 Schematics of STT effect in non-collinear magnetic multilayers with
a structure of FM/NM/FM. Figure adapted from Ref. [35].

After the observation of STT in various types of structures with in-plane

4



magnetic anisotropy (IMA), particularly MTJ, it was soon realized that MTJ
with perpendicular magnetic anisotropy (PMA) is the best candidate for STT-
based devices due to its low switching current, reduced process variation, and
excellent down scaling capability.”*® However, the demonstration of STT in
PMA based MTJs was hindered by the lack of suitable material that can
simultaneously give stable PMA, large TMR, and low switching current. Back
then, the three main classes of PMA materials are Llo-ordered (Co, Fe)-Pt
alloys,*’ rare earth transition metal alloys*® and Co/(Pt, Pd) multilayers.** The
first class of materials has high switching current due to large damping

constant; 4041

the second group cannot withstand the high annealing
temperature for MgO crystallization; and the last category suffers from small
TMR ratio limited by the small spin polarization. Situation changed drastically
in 2010 when two groups**> demonstrated independently interfacial PMA
between CoFeB and MgO, which fulfils all the three conditions in
Ta/CoFeB/MgO based high performance MTJs. The CoFeB/MgO is expected
to be the workhorse for STT-MRAM, which is on the verge of
commercialization.

Despite the great potential of MgO-based PMA MT]Js, the drawback of
this type of two-terminal STT device is that it is difficult to optimize writing
and reading process simultaneously in a same device.*® This is because, on one
hand, one needs a relatively thicker barrier to achieve larger readout signal,
and on the other hand, a thick barrier demands a larger switching current,
which causes stress to the MgO barrier and degrades the overall reliability of

the device. One possible approach to mitigate the issue is to separate the

writing and reading current path; this has led to the development of three



terminal devices in which writing is based on spin-orbit torque (SOT)
replacing STT.

The SOT arises from non-equilibrium spin density induced by either
local or non-local spin-orbit interaction, or the so-called (ISGE).*** The
presence of ISGE requires an FM with either bulk or structure inversion
asymmetry (SIA).** In these material structures, a charge current passing
through an FM or an FM/heavy metal (HM) heterostructure generates a non-
equilibrium spin density through the ISGE, which in turn exerts a torque on
the local magnetization of the FM through either s-d (in the case of a transition
metal) or p-d (in the case of dilute magnetic semiconductor) exchange
coupling. As the ISGE is originated from spin-orbit coupling (SOC), the
resultant torque is referred to as SOT. Unlike STT, which requires non-
collinear magnetization configurations, the SOT can be realized in structures
with a uniform magnetization; this greatly simplifies the structure and device
design when investigating and exploiting the SOT effect for spintronic
applications.

Although SOC induced spin polarization of electrons has been studied
extensively in semiconductors,’®>? the investigations of SOC induced non-
equilibrium spin density in FMs and the resultant SOT on local magnetization

have only been reported recently. Manchon and Zhang*®>

predicted
theoretically that, in the presence of a Rashba SOC, the SOT is able to switch
the magnetization of magnetic two-dimensional electron gas at a current
density of about 10*— 10° A cm™, which is lower than or comparable to the

critical current density of typical STT devices.** The first experimental

observation of SOT was reported by Chernyshov et al. for Gao.vaMno.osAs



dilute magnetic semiconductor (DMS) grown epitaxially on GaAs (001)
substrate.*’ The compressive strain from lattice mismatch results in a
Dresselhaus-type SOC that is linear in momentum. When a charge current
passes through the DMS layer below its Curie temperature, the resultant SOT
was able to switch the magnetization with the assistance of an external field
and crystalline anisotropy. The lack of bulk inversion asymmetry (BIA) in
transition metal FM has prompted researchers to explore the SOT effect in FM
heterostructures with SIA. Miron et al. reported the first observation of a
current-induced SOT in a thin Co layer sandwiched by a Pt and an AlOx
layer.*® Due to the asymmetric interfaces with Pt and AlOx, electrons in the Co
layer experience a large Rashba effect, leading to sizable current-induced SOT.
In addition to the Rashba SOT, spin current from the Pt layer due to spin Hall
effect (SHE) also exerts a torque on the FM layer through transferring the spin
angular momentum to the local magnetization. Although the exact mechanism
still remains debatable, both types of torques are generally present in the
FM/HM bilayers. The former is field-like, while the latter is of anti-damping
nature similar to the STT. To date, the SOT effect has been reported in several
FM/HM bilayers with different FMs such as CoFeB,>*>? C0,°0%? NiFe®% and
HMs such as Pt, Ta, and W. An average effective field strength of 4x10° Oe
(A! cm?) has been obtained, except for the [Pd/Co]n/Ta multilayer®® which
was reported to exhibit a very large effective field strength to current density
ratio in the range of 10 Oe (A™! cm?). In the last case, the spin Hall current
from Ta layer alone is unable to account for the large effective field, indicating
possible contributions arising from the Pd/Co interfaces internally, though the

exact mechanism is not clear. In the early works, an external field was needed



to assist the magnetization switching of FM/HM bilayer with PMA, but

6771 have demonstrated completely field-free switching

recently several groups
of magnetization in carefully designed structures, which paves the way for the
adoption of SOT in real device applications.

Before ending this section, we would like to emphasize how spintronics
can help the device technology. As the CMOS is scaled down, the computer
operating power increases from both the increase in static leakage (standby)
power and in device packing density. Fig. 1.3(a) presents the state-of-the-art
computer memory hierarchy. The working memories such as SRAM cache and
DRAM main memory are volatile. As is expected, the sub-threshold leakage
increases exponentially upon the dimension of transistors consisting of the

memories are scaled down, and thus causes a large increase in static current

leakage.

— @ oo b Lo ©
ﬁ Cache Register Spin logic'

(SRAM) L1 cache

(SRAM)
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: ) Spin memory
Main memory NV-main memory
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Main memory

Speed gaj (ORAM)
peed gap @ High-speed storage Storage

(STT-MRAM) (SSD, HDD)
Storage Storage

(SSD, HDD) (SSD, HDD)

FIG. 1.3 (a) the conventional memory hierarchy; (b) non-volatile memory
hierarchy of first generation using STT-MRAM; and (c) second generation in
which logic is also made non-volatile using spintronics. Figure adapted from
Ref. [72]

On the other hand, the integration of a fast, energy efficient non-volatile
(NV) memory technology with CMOS can help alleviate this problem. Among
the various technologies, spintronic devices are strong candidates for non-
volatile memory due to the inherent hysteresis in ferromagnetic materials, and

its compatibility with the standard CMOS process. Nowadays, the STT-



MRAM is right on the verge of commercialization. Fig. 1.3(b) proposes a
possible new memory hierarchy in which the last level (LL) cache is
constructed by non-volatile STT-MRAM. The structure can largely solve the
power dissipation problem because of the elimination of the large static
current by shutting down the power supply of the non-volatile cache memory
at standby. Another bottleneck to notice is the speed gap between the SRAM
cache and the DRAM main memory and that between the DRAM main
memory and the storage (SSD, HDD) [see Fig. 1.3(a)]. In Fig. 1.3(b), the two
speed gaps are filled with NV-main memory and high-speed storage to boost
performance, both being based on STT-MRAM. The use of these STT-
MRAM in NV-main memory as DRAM cache and in high-speed storage as
storage cache can effectively solve the speed gap problem, and largely
improve the computer performance. The table below gives a comparison on
some technical specifications of existing non-spintronic and emerging
spintronic memory technologies (STT-MRAM). Finally, Fig. 1.3(c) depicts the
next step, an extreme non-volatile computer system. In this second generation
system, logic is also made non-volatile by using spintronics.

TABLE 1.1 Comparison on some technical specifications of existing non-

spintronic and emerging spintronic memory technologies (STT-MRAMs)
[adapted from Ref. 73].

Technology SRAM DRAM Flash STT-
(SSD) MRAM
Energy/bit (fJ) 100 1000 10° 100
Write speed (ns) 1 20 1000 1-10
Read speed (ns) 1 30 10 1-10
Density (area in >30 6-10 4-8 10-30
F2)
Endurance (cycles) | Very high Very high Low Very high
Non-volatile No No Yes Yes
Standby power Leakage Refresh None None
current current

9




1.2 Antiferromagnet spintronics

For a very long time, other than being used as a pinning layer for FMs,
AFs do not play an “active” role in spintronic devices due to their lack of net
moment and almost zero response to weak external magnetic field. Due to its
large magnetic anisotropy, the field required to change its spin configuration is
several orders of magnitude larger than that of typical FMs. However, when
looking from a different perspective, AF-based devices could offer several
advantages as compared to their FM counterparts if they can be realized. First,
the absence of stray field allows to pack the devices with a much higher
density. Second, the insensitivity of AF to external field or thermal fluctuation
promises the realization of more stable devices at a much smaller size. Third,
the faster spin dynamics in AF can potentially lead to devices with much
higher operation speed. If AF based devices is successfully realized, these
promising properties of AF can further improve the devices in terms of density
and speed. Therefore, it has stimulated studies’*”’ to re-examine the
possibility of AF-based spintronics, in which the AFs will play more active
roles, instead of just serving as a pining layer for FMs.

So far, the efforts have been made on both fronts, i.e., how to write and
read AF spin states. The most straightforward way to read the AF spin state is
to use the AMR effect.”® The AMR, commonly present in FM, is also
observable in AFs,” because the AMR is a function of the microscopic
magnetic moment vector, or in other words, it is the direction of the spin axis
rather than the direction of the macroscopic magnetization that determines the

magnitude of AMR. For FMs, the magnetization and spin axis are the same,

10



whereas in AFs, although the macroscopic magnetization is zero, the spin axis
can still be defined, and this ensures the existence of the AMR effect.”® For
example, an ohmic AMR ratio of 1% has been observed in epitaxial FeRh
films for two distinct spin axis alignments at room temperature.®® In another
proof-of-concept experiment on IrMn/oxide/Pt tunnel junction, a tunnel AMR
ratio of >100% has been observed at low temperature.’! Several follow-up
experiments have further demonstrated the feasibility of using AMR to detect
the AF spin state.3? %

Compared to read operation, “writing” of AF poses more challenges. In
the aforementioned case of FeRh, field-cooling from above 7w, in analogy to
the heat-assisted technique in magnetic recording, is adopted to change the AF
spin axis.?* Alternatively, in the case of AF tunnel junctions, the AF spins are
rotated indirectly via the exchange spring effect with FM by the external
field.3'** The requirement of an additional magnetic field or heating process is
apparently undesirable for practical applications. To circumvent this
limitation, Nunez and MacDonald®® proposed the first microscopic model,
predicting that the transport current can also exert torque onto the sub-lattices
of AFs, in analogy to STT in FMs. Although the AF sub-lattices are staggered,
non-equilibrium spin densities can still be induced by a charge current in AF.
The induced non-equilibrium spin density with polarization perpendicular to
the local moment direction can produce an effective magnetic field and
induces local moment precession. Subsequently, ab-initio method,?”%
microscopic or macroscopic treatment based on staggered spin states or anti-

89-95

parallel coupled spin sub-lattices, unexclusively demonstrate the existence

of STT in AF materials. Furthermore, it has been suggested that the non-zero

11



STT can cause reorientation of AF spin configuration,”” domain wall

90,91 93,94

motion, and stable oscillation or precession of the Néel vector, in
analogy to those caused by STT in FM. The critical current density required
for inducing these effects in AF is predicted to be on the order of 10° A cm™?,3¢
smaller than that of the FM materials as mentioned above, because of the
absence of shape anisotropy and the fact that STT can act through the entire
volume of AF. Early experimental efforts on exploring STT in AFs have been
focused mainly on exchange biased spin-valve, involving FM/NM/FM/AF
heterostructures with either FeMn or IrMn as the AF element.”®* By applying
DC current of different magnitude and direction, the exchange bias (Hes) at the
FM-AF interface can be altered, which suggests partial canting of the spin
sub-lattices in AF layer, in qualitative agreement with the theoretical
predictions. The Joule heating effect is excluded in these studies since the
change of He»r depends also on the current polarity, instead of only on the
magnitude. Despite these observations, reports on direct experimental
detection of STT effect in AF are elusive.

After the realization of the SOT-driven magnetization switching in FM
based heterostructures, it was predicted that in AFs with broken bulk or
structural inversion symmetry, the spin-axis can be reoriented by an electrical
current induced non-equilibrium effective field, the so-called “Néel order spin
orbit torque”.!® This together with other theoretical proposals of AF-based

pure spin current devices'?!"104

have triggered extensive experimental
examinations of AF in the past two years, particularly, on the following

aspects: 1) if AFs can transport spin current, ii) if AFs can generate spin current

by themselves, and iii) how the AF magnetization will respond to the spin

12



current generated either inside or outside the AF.

The first category of studies often involves AF oxides, such as NiO and
CoO. It has been demonstrated in spin pumping experiments that, in
FM/AF/HM heterostructures,'®!% spin current can travel efficiently across
AF in a relatively large length scale up to tens of nm without significant loss.
Moreover, at temperatures near the Néel temperature (7n) of AF, an
enhancement of spin current across the AF layer was inferred from the inverse
spin Hall effect signal from the HM,!%*!% which suggests the possibility of
using AF as a spin current “booster”. These observations were explained as

109-113

being caused either by spin fluctuation near critical temperature or spin

4

current induced coherent Néel order dynamics''* in the entire AF volume.

15 or incoherent

Other mechanisms involving evanescent AF spin wave mode
diffusive thermal AF magnons''® as spin “carrier” were also proposed recently.

In the second category of investigations, relatively large spin Hall angle
(comparable to that of Pt) was observed in metallic AFs such as IrMn, PdMn
and PtMn,'"” which was attributed to either the large SOC of heavy metal
element (Ir, Pd, Pt) or the non-collinear AF spin configuration.!'® The large
SHE in AF makes it possible for AF to function as both a pining layer as in
conventional exchange bias structures and the HM layer in SOT devices, as
demonstrated recently by different groups in IrMn, PdMn, and PtMn based
AF/FM bilayers.!!"12> More importantly, by replacing HM with AF, an in-
plane exchange bias field (He») can also be induced from post field annealing
process. In this way, the symmetry of the magnetic energy landscape of PMA

FM is broken, and thus leading to deterministic magnetization switching

without an in-plane assist field. It is worth pointing out that it was only
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demonstrated this year that the FM magnetization can be switched
deterministically by SHE in both PtMn®” and IrMn"® with carefully designed
in-plane Hes.

Compared to the first two categories, the experimental reports falling
into the last category are quite limited. One approach to manipulate AF spins
by spin current is to search for AF materials with intrinsic inversion
asymmetry, in analogy to DMS for the FM case.*’” SOT-induced electrical
switching of the spin-axis in CuMnAs epitaxial films with local inversion
asymmetry from Mn pairs has been demonstrated recently.!** By applying
millisecond current pulses in a specific direction, the spin-axis can be
reversibly rotated and the signal as probed by AMR can reach a level of 10%.
However, deposition of such kind of unconventional material using molecular
beam epitaxy is not straightforward; in addition, its non-compatibility with
existing metal spintronics processes may pose problems towards device
applications. An alternative approach is to adopt AF/HM heterostructures, in
analogy to FM/HM heterostructures.*® In this case, the spin current is
generated from HM, and therefore it is not necessary to find AFs with
inversion asymmetry. The choice of commonly used AFs will facilitate the

device fabrication, and is thus more suitable for practical applications.

1.3 Motivation of this work

The beginning of this work coincides with the emerging interest in both
SOT and AF spintronics. Therefore, the motivation here is quite
straightforward, i.e., to study how the spin current can interact with AF. In
particular, it is interested to study if SOT effect is present in AF/HM

heterostructures and, if it indeed exists, whether it can be used to manipulate
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the AF spin sub-lattices. To better understand the motivation of this work in
the relatively brief history of AF spintronics, a summary of the major

experimental progresses on this topic, as discussed above, is given in Fig. 1.4.

| : A few percent of
Field cooling  BESNS £ itaxia| FeRh film AMRpat room
process temperature
Exchange spring IrMn based tunnel > 12?/'0/'; t‘ﬂgs&'"g
with FM junction Temperature
STT Exchange bias FeMn, IrMn based H,, is affected by
spin valve spin valves DC current
Efficient spin A Spin current can
e orrt) — NiO, CoO travel across AF
P! without loss

Generation of spin PtMn, IrMn, PdMn Spin Hall angle
current polycrystalline film comparable to Pt

Field driven

AF
spintronics

SOT

PR Spin axis is
Epitaxial CuMnAs reversed by

thin film Ul
Manipulation of AF
spins
Spin current can
cant FeMn sub-

lattices

FIG. 1.4 Summary of the major experimental progresses in recent years on AF
spintronics.

Among the various AF materials, FeMn was chosen based on the
following three considerations. First, from the application point of view, it is
more desirable to investigate AFs that have already been widely studied as
pinning layers in metallic spintronic devices. FeMn is known to have a
moderate pinning field with a relatively small critical thickness (~3 - 4 nm);
the latter is important for studying SOT effect in AF/HM bilayers. Second,
other than many other metallic AFs that have been reported to have a large
SHE, the spin Hall angle of FeMn is negligible, at least two orders of
magnitude smaller than those of common HMs.!!”12> This can facilitate the
analysis of spin current transport in AF/HM heterostructures as one only needs
to consider the spin current generated from the HM. Third, FeMn is also the

“softest” among the Mn-based AF alloys. Therefore, it would be easier to
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detect it if there is any SOT effect. Similar to many reports on FM/HM
bilayers, Pt, the most commonly used HM, was used as the SHE metal to
generate spin current. This will make the data analysis more straightforward as
the only difference here is the replacement of FM by an AF.

The work began with the examination of the SOT effect in FeMn/Pt
bilayers. The emphasis was placed on whether SOT is present in the bilayer,
and if so how to quantify it. SHE and macro-spin model are invoked to explain
the experimental observations. In addition to FeMn/Pt bilayers, we have also
investigated spin current transport in NiFe/FeMn/Pt trilayers.

The second part of the work is focused on the study of thickness
dependence of spin Hall magnetoresistance (SMR) in FeMn/Pt bilayers. Both
SMR and SOT are widely studied in FM/HM bilayers. And although the origin
of SMR is still somewhat debatable, it is generally agreed that they are
complementary phenomena with a common origin: both originate from the
spin current generated in the HM layer, with the former related to spin current
reflection and the latter related to transmission at FM/HM interfaces.'?%!?
Therefore, the SMR, if any observed in the FeMn/Pt bilayers, would further
confirm the existence of SOT in these bilayers as discussed in the first part of
this thesis. To the best of our knowledge, SMR in metallic AF/HM
heterostructures has yet to be reported.

In the last part, we extend the investigation to [FeMn/Pt]n multilayers.
We report the realization of a new type of ferromagnetic material — [FeMn/Pt]a
multilayers and further demonstrate that the magnetization of FeMn/Pt
multilayer can be reversibly switched by SOT without any external field. This

was stimulated by the observation of both SOT in FeMn/Pt and proximity
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effect at FeMn/Pt interfaces. The realization of SOT-driven switching in such
kind of structure can largely facilitate device design since it does not have any
constraint in the total FM thickness, which will certainly open new

opportunities for SOT-based devices.

1.4 Thesis organization

In this chapter, a brief introduction was given to FM and AF spintronics,
in particular the recently emerged SOT-driven magnetization switching and
progresses in AF spintronics. In Chapter 2, some theoretical background will
be provided on ferromagnetism and antiferromagnetism, magneto-transport
phenomenon, spin current, SOC, SOT, SMR, micromagnetic simulation,
macro-spin model, and drift-diffusion formalism, all of which are necessary
for understanding spin and spin-dependent charge transport in FM/HM or
AF/HM heterstructures.

Chapter 3 presents a detailed description of the sample fabrication and
characterization techniques, including process flow of optical lithography,
sputtering, structural and magnetic characterization, and magneto-transport
measurement.

Chapter 4 presents the investigation of the SOT effect in FeMn/Pt
bilayers. The field-like effective field is extracted from 2™ order planar Hall
effect measurements. A large field-like effective field was found at small
FeMn thickness, nearly two orders of magnitude larger than that of NiFe/Pt
bilayers, which can be understood as originated from the reduced net moment
in FeMn; the latter was confirmed by the magnetometry measurements. The
experimental observations can be accounted for reasonably well by a macro-

spin model in which thin FeMn layers are assumed to be consisting of two
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uncompensated sub-lattices with unequal magnetizations. In addition to
bilayers, NiFe/FeMn/Pt trilayers were also investigated. By quantifying the
effective field in NiFe from trilayers with different FeMn thicknesses, the spin
diffusion length of FeMn can be estimated through the drift-diffusion
formalism. The results confirmed that spin current is indeed absorbed by
FeMn to induce the SOT.

Chapter 5 discusses the thickness dependence of SMR in FeMn/Pt to
further confirm the existence of SOT in the bilayers. It starts with the
presentation of the SMR results from samples with different Pt and FeMn
thicknesses. The non-monotonic dependence of SMR on the thicknesses of
both FeMn and Pt is analyzed following the spin Hall and drift-diffusion
formalism. The difference between FeMn and NiFe thickness dependence is
discussed in detail, which highlights the importance of thickness-dependent
magnetic properties of ultrathin AF films. Finally, the correlation of SMR ratio
with SOT effective field is discussed and used to affirm the conclusions drawn
in Chapter 4.

Chapter 6 presents the study of magnetic properties and SOT effect in
ultra-thin [FeMn/Pt]n multilayers. First, the magnetic properties of the
multilayers obtained from magnetometry measurements are presented and its
origin is discussed from fitting of the M-T curves. Next, the field-like SOT
effective field is extracted from 2" order PHE measurements. The observed
SOT eftective field is around 4 times larger than that of NiFe with a same
equivalent thickness, which is attributed to the asymmetry between top and
bottom FeMn/Pt interfaces, and the local generation of spin current in the Pt

layers and absorption by the neighboring FeMn layers. Finally, the current
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induced magnetization switching results are presented and discussed in detail.
Chapter 7 concludes this thesis and gives some suggestions for future

work based on the findings obtained in this work.
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Chapter 2 Theoretical Background

In Chapter 1, a brief introduction is given to FM and AF spintronics. In
this chapter, some theoretical backgrounds are provided on the topics that are

relevant to this work.

2.1 Magnetism moment

Magnetic moment is fundamental to magnetism, which is closely related
to the angular momentum of elementary particles. There are two distinct
sources of the electron angular momentum: 1) orbital motion of electrons
around the nucleus and 2) intrinsic spin angular momentum of electrons. The
orbital moment arises from the electron circulating in its orbit, which can be
equivalently regarded as a current loop where the current direction is opposite
to the sense of circulation due to the negative electron charge. The
proportional coefficient between the magnetic moment and the orbital angular
momentum is known as the gyromagnetic ratio:

y=e/(2m,) ~0.88x10" C/ kg, where e is the charge of a proton, m. is the

electron rest mass. The second source is the intrinsic electron spin angular
momentum, which is equal to 7/ 2 according to the Dirac equation, where 7
is the Planck constant. This brings every electron an intrinsic magnetic

moment of e#/2m_ , which can only take one of two distinct orientations

e
relative to a magnetic field. As a consequence, the gyromagnetic ratio of the
electron’s spin angular momentum is twice of that of orbital angular

momentum.
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2.2 Magnetic response of a material
Depending on how a material responds to an external magnetic field, it
can be categorized as diamagnetic, paramagnetic, ferromagnetic, and

antiferromagnetic, and
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FIG. 2.1 Schematics of the spin configuration at zero field of diamagnetism,
paramagnetism, ferromagnetism and antiferromagnetism, and their typical
magnetic responses (M-H loops). Figure adapted from Ref. [1].

more quantitatively, it is characterized by the sign and magnitude of the

susceptibility (7). All materials show some degree of diamagnetism, which

arises from a weak induced magnetic moment in the direction opposite to the
externally applied magnetic field. As can be seen from Fig. 2.1, its magnetic
susceptibility is small and negative (-10° — -10°), and typical examples of
diamagnetic materials are water, silica and superconductors. On the contrary,
paramagnetism refers to substance that can produce magnetic moment
(stronger than diamagnetism) in the direction of the external field. It has a
moderate susceptibility of 10 — 107, and aluminum, magnesium and sodium
are the typical examples of paramagnetic materials. Both diamagnetism and

paramagnetism do not retain the magnetic properties once the external field is
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removed. As far as spintronic applications are concerned, the two most
important types of materials are ferromagnet and antiferromagnet which are

discussed below.

2.2.1 Ferromagnetism (FM) and antiferromagnetism (AF)

Ferromagnetism has its origin in quantum mechanical exchange
interaction, which results in long range ordering of electron spins. The
exchange interaction can be described phenomenologically by the Heisenberg
model. According to this model, the exchange interaction between two spins is

described by the Hamiltonian: H =-2JS,-S,,> where S, and S, are operators

of two adjacent spins, and J is the exchange coupling constant. Based on
energy minimization consideration, a positive J value prefers parallel
alignment of the spins and thus leads to an FM order. A ferromagnet exhibits
spontaneous magnetization, which is divided into small domains and within
each domain, all the magnetic moments are aligned in the same direction.
Magnetizations of different domains can be aligned by an external field, and
the resultant magnetization is called saturation magnetization (Ms). After the
field is removed, majority of the magnetic moments would stay fixed
(remanent magnetization M,), while a small portion will relax to random
directions. If the field is further increased in the opposite direction, the FM
will become demagnetized at a field called coercive field (H:). The FM
experiences a transition to paramagnetic phase above a certain temperature
called “Curie temperature” (7¢). The magnetic susceptibility of FMs below Tc
are high (> 107), and the typical FMs are Fe, Ni, Co and their alloys.

On the other hand, an AF order is formed when J is negative, which

favors an anti-parallel alignment of the adjacent spins based on the Heisenberg
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Hamiltonian. In practical materials, an AF can consist of more than two sub-
lattices, resulting in triangular, spiral, or canted spin alignment. The number of
sub-lattices is determined by the number of magnetic ions in the primitive
cell.’ For example, N = 2 for MnF> and NiF2, N = 3 for PtMn, IrMn, PdMn,
and N = 4 for FeMn. A phenomenological treatment of AF based on the two
sub-lattice model is proposed by L. Néel.* According to this model, AF can be
considered as consisted of sub-lattices with spins situated on identical lattice
sites and are antiparallel to each other. Table 2.1 summarizes some common
AF materials. Similar to the FM, AF order also disappears above a critical
temperature named as Néel temperature (7v), transiting to a paramagnetic
state. The transition is accompanied by a small peak in the magnetic
susceptibility.

TABLE 2.1 Summary of the properties of some common AFs [adapted from
Ref. 5].

Name Structure Néel temperature | Sub-lattice
Tv (K) magnetization poM (T)
Cr Spin density wave | 311 0.20
Mn Complex 96 0.20
NiO Néel 524 0.54
aFe203 | Canted 958 0.92
MnF> Néel 67 0.78
FeMn Néel 510 0.53
IrMn3 Néel 690 0.50

2.2.2 Exchange bias in FM/AF bilayers

When an FM is in contact with an AF, an exchange bias would appear at
the interface, a phenomenon that was discovered more than 5 decades ago.®
The exchange bias at the FM/AF interface is usually established through a

magnetic annealing and cooling process, in which the sample is first heated up
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to above the Néel temperature of the AF, and then cooled to room temperature
in the presence of a magnetic field with a strength of one to a few Tesla. As a
consequence, the FM hysteresis loop is shifted in the field axis by an amount
called exchange bias field (Her). When the AF’s anisotropy is small, the AF
spins will be rotated together with the FM spin, resulted in an increase in the
FM’s coercivity (Hc). The exchange bias in FM/AF bilayers is a very complex
issue. Despite intensive studies, the phenomenon itself is still not well
understood.” A simple picture based on fully compensated interface is

illustrated in Fig. 2.2.
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FIG. 2.2 Schematic diagram of the spin configuration of FM-AF bilayer at
different stages (i) - (v) of exchange biased hysteresis loop. Figure adapted
from Ref. [7].

Similar to other magnetic related phenomenon, the exchange bias effect
is also dependent on the temperature, i.e., it vanishes above a critical
temperature called blocking temperature (7z). In contrast to 7y which is the
critical temperature of losing short range exchange coupling (Hex) within the

sub-lattice, 73 is the temperature at which the AF lost its long range AF

anisotropy (H.). Since Hex is often orders of magnitude larger than Ha, 75 is
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lower than 7Ty in most cases. In this sense, the magnetic state between 75 and
Ty can be considered as a superpara-antiferromagnetic state, in analogy to the
superparamagnetic state in FM. The exchange bias effect originated from AF
is widely used in modern spintronic devices to pin the magnetization of the

adjacent FM layer.

2.2.3 Magnetic domains

Ferromagnetic materials consist of small magnetic domains. The domain
structure at equilibrium state can be simulated by minimizing the total energy
associated with different types of interactions. For a standalone ferromagnet,
the typical energy terms include exchange energy (Ee), anisotropy energy
(Ean), Zeeman energy (Ezeeman) and magnetostatic energy (Edemag), i.e.,

E[otal = Eex + Ean + Ezeeman + Edemag (2 1)

The exchange energy arises from the exchange coupling interaction of
the neighboring spins (see the Heisenberg Hamiltonian in Section 2.2.1). In
the case of FM, it induces parallel alignment of neighboring spins. In a

continuous medium approximation, the exchange energy can be approximated

by:

J 2
E,, =jv v VM, [ +|[VM [ +[VM, [ )dv (2.2)

where dV is the volume element, M., M,, M: are the x, y, z components of
M (F) .

The anisotropy energy itself can have difference sources. The most
fundamental type is the crystalline anisotropy which is caused by the

interaction between crystal field and electron spin. In other words, the

interaction of the spins with the crystal field favors some preferential
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directions (“easy axis”) over the others (“hard axis”) for the magnetization to
be aligned. In most practical cases dealing with polycrystalline materials, the
anisotropy is induced by an applied field during thin film deposition;
therefore, it is sufficient to consider a uniaxial anisotropy, which is described

by the following energy term:
— Mx 2
Eun =, KL= (710 2.3)

where K. is the anisotropy constant. Note that in this expression, the easy axis
is assumed to be in x-axis, and higher order terms are neglected.
In the presence of an external magnetic field H , Zeeman energy is

induced and is given by:

E emn ==, M (F)- HaV (2.4)
As can be seen, Zeeman energy favors the magnetization to be aligned with
the magnetic field.

Lastly, the magnetostatic energy originates from the long range dipole
interaction inside the FM. This energy term favors magnetic flux closure and

therefore competes directly with the exchange energy term. The magnetostatic

energy term can be expressed as:

1
Edemag 2 J. M (r) demag V (25)
where I:Idem,;‘g is the demagnetization field  given by
(r- r)V M (F) (r—r)M(r)n(r) ,
H gorag = j : dv 4ﬂ<}5 ot dA with d4

the area element, N(F) the unit outward normal at position r'. The first term

for Haemag evaluates the field inside the entire volume, and the second term
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evaluates over the whole surface.
The dynamic evolution of magnetization is governed by the Landau-

Lifshitz-Gilbert equation:
dm

E=—|y|m><Heﬁ +Mi(mx—j (2.6)

S

where I:Ieff is the total effective field, y is the Gilbert gyromagnetic ratio, and

o 1s the damping constant. I:Ieff can be calculated from the total free energy

aEtgtal

density [Eq. (2.1)] using I-—Ieff =_W' For AF, the generalized method is

similar to that of FM as discussed above. The main difference is that in the
case of AF, separate equations need to be used for the individual spin sub-
lattices.

Both the static and dynamic magnetization can be calculated using
openly accessible software such as the object oriented micromagnetic
framework (OOMMF),* LLG Micromagnetics Simulator,” Nmag'® and
MuMax.!" In this work, OOMMF was employed to simulate the magnetization
distribution in patterned NiFe Hall bars for the calculation of planar Hall effect
signal. OOMMF 1is an open-source micromagnetic simulation program
developed and maintained by the National Institute of Standards and
Technology (NIST). It is a finite element method based program that solves
the LLG equation iteratively and obtains the time evolution of the magnetic
configurations in FM. In practice, to simulate the magnetic configurations in a
patterned magnetic structure, the FM element is first meshed into finite unit
cells in each direction and then the magnetization direction in each cell is

calculated numerically using the LLG equation. The physical input parameters
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are the exchange constant, the uniaxial anisotropy constant and the saturation
magnetization. It should be noted that the cell sizes in x, y and z-directions
strongly influence the simulation time and accuracy, and therefore, it is
necessary to find a balance between precision and simulation time. Typically,

the cell size is chosen to be comparable to the characteristic exchange length

/ 2A
I, = YR which is usually on the order of a few nanometers.
HoM g

2.2.4 Macro-spin model

Although the micromagnetic modelling is able to produce the spatial
distribution of magnetization in various types of magnetic elements, it is
usually very time consuming and also sensitive to the choice of parameters. In
contrast, a macro-spin model is more useful in capturing the essential physics
and is often sufficient for understanding the basic behavior of an FM or AF
under an external field. In this section, we introduce the macro-spin model for
both FM and AF, which will be used for interpretation of the experimental

results in the following chapters.

A 4

FIG. 2.3 Schematics of macro-spin model for FM with a uniform
magnetization distribution.

a) FM under an external field
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As illustrated in Fig. 2.3, a simple method to model an FM layer is the
so-called macro-spin model, in which the FM is represented by a single
element with uniform magnetization M . Upon application of an external
magnetic field #, M rotates coherently to align with the field. In other words,
the FM is treated as a single magnetic domain. The macro-spin model can
satisfactorily reproduced many experimental observations, for instance, the
FM hysteresis loop. To determine the static equilibrium state of M in
response to a particular H value at a specific direction, the free energy of an
FM is minimized with respect to the magnetization direction. In the simplest
case, the free energy of an FM can be written as the sum of anisotropy and

Zeeman energy (ignoring all other energy terms):!2

E=-M-H+K,sin?@

2.7)
=-HM, cos(p—60) + K, sin’ @

where K. is the uniaxial anisotropy constant, M is the saturation
magnetization for M , 6 is the angle between the easy axis direction and M ,
and ¢ is the angle between the easy axis and applied field directions. Note that
the easy axis of FM in this example is fixed along the x-axis, and the
demagnetization energy term is ignored for simplicity. The energy

minimization requires:

%=—HMssin((p-0)+2Kusin9c059=0 (2.8)
and J°E >0 (2.9
07 '

In general, one can find the solutions numerically for different ¢ values. In
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what follows, we consider two special cases for which the analytical solutions

exist.
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FIG. 2.4 (a) Simulated M-H curve with ¢ = 0°, 10°, 20°. (b) Simulated M-H
curve with ¢ = 70°, 80°, 90°. The parameter used is: H4 = 10 Oe.

1) Case 1: ¢ =0 (i.e., the external field is applied in x-direction)

In this case, Egs. (2.8) and (2.9) become:

HM,sin6+ 2K, sin@cosd =0 (2.10)
HM, cos@+ K, cos26 >0 (2.11)

We further divide both sides of the equation by M; and define the anisotropy

field as H, =K, /M, and the non-trivial solution can thus be obtained as

S

0=0 or @ =r. This yields the square shaped hysteresis loop as illustrated in

Fig. 2.4(a) (line with square).

2) Case2: ¢ =x/2 (i.e., the external field is applied in y-direction)
In this case, Egs. (2.8) and (2.9) become:

—HM, cos 9+ 2K, sinfdcosd =0 (2.12)

—HM,sind+ K, cos26 >0 (2.13)
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These two equations give the non-trivial solution as siné = when

A

H <2H,, otherwise #=/2; and yield the diagonal shaped hysteresis loop
in Fig. 2.4(b) (line with triangle). For an arbitrary ¢ value, the numerically

calculated loops are presented in Figs. 2.4(a) and (b).

b) AF under an external field

Y

Ha

FIG. 2.5 Schematics of macro-spin model of AF with two sub-lattice
magnetizations.

In analogy to FM, the spin configuration of AF under an external field
can also be calculated using the macro-spin model. As illustrated in Fig. 2.5,
for simplicity, the AF layer is assumed to be composed of two collinear sub-

lattices with magnetizations M, and M,, respectively, which are antiparallel

exchange-coupled to each other at zero external field. When an external field
is applied, M, and M, will deviate from their original anti-parallel
configuration due to the finiteness of exchange coupling; their directions at the

equilibrium state can thus be determined by minimization of the total energy

density:
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E=—(M,+M,)H +K,(sin? 6, +sin*6,) + IM,;M,
= JIM_* cos(6, - 6,) - HM_ cos(p — 6,) — HM  cos(¢ - 6,) (2.14)
+K, (sin® g, +sin’ 4,)

where J is the sub-lattice exchange constant, K, is the uniaxial anisotropy
constant, M; is the saturation magnetization for M, and M,, i, 6> are the
angles between y-direction and M,, M, , respectively, and ¢ is the angle
between y-direction and applied field. The exchange and anisotropy field are

defined as H, =JM_ and H, =K, /M, respectively. Here, we assume that

[>

‘I\7Il‘ = ‘ M 2‘ = M, . The energy minimization method requires:

s_gz—JMfsin(Hl—Hz)—HMssin((p-Hl)+2Kusinelcosel=O (2.15)
1

oE - _ .

QZ_JMS Sln(gl_ez)_HMSS|n(¢'02)+2KU Sin HZCOSGZ =0 (216)
2

2 2F A2 2 2
JE aEaE{aE} @.17)

and > >0, > >
b, a6 o, 06,00,

Similarly, we discuss two special cases for which there exist analytical

solutions.

1) Case 1: ¢ =0 (i.e., the external field is applied in y-direction)
In this case, when H is small, |\7Il and Mz should remain in the original

direction, i.e., 6 = 0, 6> = . When H increases to a critical value, spin flop

will occur, leading to a configuration such that 6, =—6,. The equilibrium state

of M, and M, can be found by substituting ¢ =0 and 6, =-6, into Eq.

1

(2.15); this leads to
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% =-JM’sin(6, — 8,) + HM, sin 6, + 2K sin 6,cosd, = 0 (2.18)
1

The nontrivial solution of Eq. (2.18) is

H
cosf =——— 2.19
' 2H,-2H, 19)

ex

The second derivative is

0°E
06,

=-4JM? cos 26, + 2HM, cos 6, + 4K, cos 26, (2.20)

Substituting Eq. (2.19) into Eq. (2.20), we obtain

82E 4Ms[_H2+(2Hex_2HA)2]
007 2H, —2H 221)
1 A

ex

From Egs. (2.19) and (2.21), we can derive the equilibrium values of 6; and 6
which are given by

Cosf, =c0sb, = ﬁ (2.22)
- A

ex

The corresponding energy minimum is

M,|-H*+(@2H,-H_)(H, -2H,)
E= [ A )] (2.23)
2H, —2H,

Compare this energy term with the energy at antiparallel configuration (i.e., 6;
=0, &= n),
E,=-JM?=-M_H (2.24)

S ex

one obtains the field range for spin-flopped configuration (i.e., E < E)

J2H,(2H, —2H,) <H <2H,-2H, (2.25)

At field H </2H,(2H, —2H,) , M, and M, remain in the anti-parallel

configuration.
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2) Case2: ¢ =n/2 (i.e., the external field is applied in x-direction)
In this case, as the angle between applied external field and y-direction is
712, we can assume that during the sweeping process of the external field,

condition 6, =7 -0, maintains all the time. Substitute ¢=x/2 and
6, = 7 -0, nto Eq. (2.15), we obtain

2—5 =2JM’sin g, cosd, — HM_cos 6, + 2K, sin 6,cos, =0 (2.26)
1

The nontrivial solution of Eq. (2.26) is

sing, = — 1 (2.27)
2H, +2H,

Substitute Eq. (2.27) into the second derivative

2
89'52 =2JM_?c0s 26, + 2HM _sin 6, + 2K, €05 26, (2.28)
1

one obtains

o’E M[-H?+(2H, +2H,) |
062 2H, +2H,

(2.29)

From Egs. (2.27) and Eq. (2.29), 6; and 6: at equilibrium state are derived as

sing, = __H . When H >22H_, +2H,, the AF layer becomes saturated

2H,, +2H,

at the direction of external field.

In the above two cases, the overall magnetization of AF along external
field direction is given by M =M1+M2. Figs. 2.6(a) and (b) show the
calculated M-H curves for the two special cases as well as other cases with
different ¢ values, i.e., p =2.5°, 5°, 80° and 85°, respectively. Fig. 2.6(a) shows
that, when the applied field is nearly parallel to the y-direction, the

magnetization of AF is small at a small external field
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(H< \/ZH A(2H, —2H,) ), then increases almost linearly with increasing

external field (\/ZHA(ZHeX —-2H,) <H <2H_-2H,) and finally becomes

almost saturated at H=>2H_-2H, . Spin flop occurs at field

H>H, :\/ZHA(ZHeX—ZHA) when ¢ is near 0°, while such behavior

becomes less obvious when ¢ becomes larger and finally vanishes when it

approaches 90° as shown in Fig. 2.6(b).

=vr —
= (p:. -V)
wo.04 D 0.0412
2 2"’ 0
2 = 0 40 80 12
0.02} S 002 "% (b)
—— ¢ =80°
—— ¢ =85°
—a— = 90°
0.00 0.00 A
00 05 1.0 15 20 00 05 1.0 15 2.0
H (kOe) H (kOe)

FIG. 2.6 (a) Simulated magnetization of AF when ¢ is near 0°; (b) Simulated
magnetization of AF when ¢ is near 90°. The insets in (b) and (c) show the M-
H curve at large field range. The parameters used are: H4 = 10 Oe, Hex = 50
kOe.

2.3 Spin and spin-dependent charge transport
2.3.1 Spin current

Before proceeding to the discussion of transport phenomenon in
magnetic materials, it is desirable to clarify the concepts of spin current and
charge current. Electrons have an intrinsic degree of freedom, i.e., the spin. It
is a quantum mechanical observable described by the spin angular momentum
operator as follow:

S==¢ (2.30)

N | S
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where # 1s Planck’s constant, and & is the Pauli matrix with

R 0 1) _ 0 —i) _ 10 L
o, = O, =] . 0, = . The electron spin is directly related
10 i 0 01

to the magnetic moment

_ S
A=—QHs— (2.31)

where g is electron g-factor and s is the Bohr magneton. As can be seen from
Eq. (2.31), the magnetic moment of electron is antiparallel to its spin angular
momentum. The flow of the electron spin angular momentum leads to a spin

current (js), whereas the flow of charges leads to an electric charge current (jc):

LATR 232)

T A
=kt e

As shown in Eq. (2.32) below, a charge current is the sum of spin up and spin

down electrons, whereas the spin current is their difference. The pre-factor

ho. . . . .
"8 in the spin current is due to the fact that one electron carries a spin
€

h : .
angular momentum of 2 and it carries a charge of —e.

Pure charge current Spin polarized current Pure spin current

FIG. 2.7 Schematics of charge current, spin polarized current and pure spin
current. Figure adapted from Ref. [13].

Fig. 2.7 illustrates three types of current. In the first case, where both j,
and j, are equal and propagate in the same direction, there is a net charge

transport without a net spin transport. Therefore, this is called charge current.
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This is often the situation in paramagnetic conductor without spin-orbit
coupling. In the second case, where the current density of one type of spin is

larger than the other (here j. > j, ), both charge and spin current are present.

Therefore, it is called a spin-polarized current which widely exists in

ferromagnetic conductors. In the last case, where j. and j, are equal but

propagate in the opposite direction; this results in a net spin transport without
a net charge current. Therefore, it is called pure spin current, corresponding to

a pure flow of spin angular momentum.

2.3.2 Anisotropic magnetoresistance (AMR)
In metals, the field-dependent longitudinal resistance change is called

ordinary magnetoresistance (OMR).!* The resistance increases as the external
magnetic field ( H ) increases, which is due to the cycloidal motion of
electrons by the field induced Lorentz force. The resistance change scales with

‘I:I‘2 , and is larger when the field is perpendicular to the current flow

(H L ) and smaller when the field and current flow are parallel to each other

(HJ ). OMR is generally present in in all types of metals including

nonmagnetic (NM), FM and AF.

In FM metals, additional interactions take place between the

magnetization ( M ) and conduction electrons, which gives rise to the
dominant contribution to the observed MR effect, i.e., the anisotropic

magnetoresistance (AMR).!> For AMR, the resistivity is maximum ( p,) when

M || j and minimum ( p, ) when M L J . It arises from the scattering between

the s electrons and 3d orbitals near the Fermi surface. As illustrated in Fig. 2.8,
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the scattering cross-section is larger when M || J and smaller when M L J,

which gives the resistivity change upon reorienting the magnetization
direction. Phenomenologically, the AMR can be described by the following

expression:
P = P+ (o, — p,)COS* psin® @ (2.33)
where p, and p, correspond to the case when M is parallel or perpendicular

to j, respectively, and 6 and ¢ are the polar and azimuthal angle of M with

respect to +z and +x direction, respectively.

Py Minimum Py maximum

d orbitals

s electrons ‘
j /

FIG. 2.8 Schematics of the origin of the AMR and PHE in FM. For M || J, the

larger scattering cross-section gives higher resistance (right); for M L J, the
smaller scattering cross-section gives lower resistance (left).

In addition, geometrical confinement can also contributes to the MR
effect, known as the geometrical size effect (GSE). It has been reported in

polycrystalline Co thin films, i.e., p, > p,,'® which should be equal to each

other based on the above AMR consideration. One explanation is that when

the film thickness is lower than the mean free path of electrons, the plane

perpendicular to M where electrons can travel with lower resistance, is
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unconstrained along x but constrained along z when M || y. This slightly

increases the resistance as compared to the situation when M || Z , where both

x and y are unconstrained. Another MR effect in FM metals is called the spin-

disorder MR,!” which results in a decrease in the resistance almost linearly

proportional to H , regardless of its direction. The suppression of spin disorder
is induced by low energy magnons, which consequently diminishes the

electron-magnon scattering.

2.3.3 Hall effect

Besides the longitudinal magnetoresistance, the longitudinal charge
current can also induce a transverse spin and/or charge accumulation, due to
off-diagonal elements in the conductivity tensor. These effects are in general
named after Edwin Hall, who discovered that the Lorentz force bends the
current carrying charges towards the transverse edges of the conductor when a
perpendicular magnetic field is applied. To equilibrate the Lorentz force, a net
transverse voltage builds up between the two edges. This is commonly
referred as the ordinary Hall effect (OHE).'®

In FM, in addition to OHE, the presence of M can induce an
anomalously large transverse voltage, which is usually called anomalous Hall

effect (AHE)."” The AHE depends on the out-of-plane component of the
magnetization (M, = ‘ M ‘cos& ). It is usually much larger as compared to OHE
(which depends on H ), because of the large carrier density and small OHE
coefficient in metals. However, although it is generally believed that the side

jump, skew scattering and intrinsic effects are equally valid for the emergence

of the AHE in FM,?° the origin of the AHE is still under debate since the role
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and relative weightage of each mechanism on the AHE are difficult to be

quantified.

FIG. 2.9 Schematics of the magnetization and external field directions.

Another Hall effect in FM is the planar Hall effect (PHE). Despite “Hall
effect” in its name, it actually has the same origin as AMR.!® It is the
transverse manifestation of AMR when the scattering of conduction electrons

from the d-orbitals have a transverse preferential direction depending on the
in-plane component of M with respect to j . Due to this in-plane angle

dependence, the name “planar” was coined to the effect. Following the
coordinate notion in Fig.2.9, by considering all three effects we can write the
following general formula (in terms of directly measurable parameters) to
describe the angular dependence of the transverse (Hall) resistance:

VH

R, = il Rupe COSO+ Ry, sin @sin 29+ Ry, H cos 6, (2.34)

where 0x is the external field angle with respect to the z axis, R4xE, Rrre, and
Rone are the coefficient for AHE, PHE and OHE, respectively. It should be
noticed that in this work, OHE (or OMR) is several orders of magnitude
smaller than AHE and PHE (or AMR) within the field range used throughout

the study (less than 30 kOe), therefore, it is safe to neglect their contribution in
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the discussion presented later.

2.4 Spin orbit coupling

./

nucleus 'l'

.

FIG. 2.10 Semi-classical picture of spin orbit coupling.

Spin orbit coupling (SOC) is a relativistic effect. A simple semi-classical
picture of SOC is illustrated in Fig. 2.10: an electron (with charge -e) orbiting

around a nucleus with a velocity (v ) experiences the presence of an effective

_ Ux&
magnetic field By =— “% inits rest-frame, with ¢ the speed of light, ¢ the

radial electric field created by the nucleus. Induced by this effective field, the

electron possesses a momentum-dependent Zeeman energy:

Heoe =—42-By :_E_igj'(_vxg] (2.35)

m.c c

where [ is the magnetic moment and is associated to the spin angular

momentum S by Eq. (2.31). In solids, the electric field can be replaced by

£=VV(r)/e, where V(r) is the Coulomb potential energy. For the centrally
symmetric case in Fig. 2.10, V(r) can be written as V(r)=-e*/r, and

therefore £ has the form of & = (e/r®)r . Substitute £ into Eq. (2.35), it can

be obtained:
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2

e =,
Hsoc =—meczr3 [S-(FxV)] (2.36)

The factor (FxV) can be replaced by the orbital angular momentum L, and

thus Eq. (2.36) becomes:

e’ < -
m.2c2r® S-L (2.37)

e

Hsoc =

The more correct derivation after taking into the relativistic correction into

consideration yields the insertion of a factor of two as follow:?!

2

e ~
Hye =———=S- 2.38
SoC 2me2c2r3 ( )
For more general case in solids, SOC is given by:!
1 -
Hyoc = =——=5[VV(F)xp]-S (2.39)

2m.%c?

e

where V(r) =V, (r)+V,, (F) is the total potential including periodic crystal
potential V,, (F') and aperiodic potential V,, (F) induced by impurities, external
electric field, confinement and boundaries.** One then tries to eliminate V,, (F)

as much as possible and to describe the charge carriers in terms of the band

structure.

2.4.1 The Rashba effect
In quantum well (or certain metallic surfaces) with structural inversion
asymmetry along the growth direction z, the spin sub-bands are split in

energy. Such band splitting was explained by Rashba considering an electric

field & = ¢,Z resulting in an effective SOC of the form:*

(94 _

H rasba :7(ZX p)-o (2.40)
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where o, = g,u 8% js the Rashba constant dependent on material properties.

m c?

e
In two-dimensional (2D) systems with electrons confined to move in the xy-

plane, Eq. (2.40) can be further simplified to:?}
Or
H osrpa = Y (kyCTX - kXGy (2.41)

The Rashba effect aligns the spins of conduction electrons on the Fermi
surface to a certain configuration. Upon applying an external electric field, the
Fermi surface is shifted in k£ space, which gives rise to non-equilibrium spin
densities. In FMs, these spin polarizations of s electrons further interact with
the magnetic ordered d electrons through s-d coupling, acting as exerting an
.24,25

effective magnetic field onto them. The effective field can be expressed as:

SH, = _Ju 55 (2.42)

Qi
where §S is the non-equilibrium spin polarizations, Jw is the exchange

constant between s and d electrons. In this way, M can be manipulated by the

Rashba effect through applying a current over FM.

2.4.2 The spin Hall effect

The spin Hall effect is the conversion of a flow of charge current into a
flow of pure spin current, i.e., a net spin flow without charge flow, transverse
to the charge current flow direction. It was first predicted by D’yakonov and
Perel” back in 1971,%° and was rediscovered by Hirsch in 1999.%7
Phenomenologically, SHE is expressed as follows:

J,=64,0%] (2.43)

,» O, as spin

where 6, is the spin Hall angle defined as 6, =$% with o
o,

c
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Hall conductivity and charge conductivity, respectively. Unlike Rashba effect,

SHE can be present in bulk materials. Table 2.2 summarizes the

experimentally reported &g, values in different metals.

TABLE 2.2 Summary of the spin Hall angles for common metals obtained

experimentally. Table adapted from Ref. [28].

Material Temperature (K) Ost (%) o, (ﬁE )
e Qm

Al 4.2 0.02 £0.01 17

Au 293 0.33-11 53-37

Bi 3 >0.8 0.0247

Mo 293 -0.05 -23+0.5

Nb 10 -0.87+0.2 -10£2

Pd 293 0.64—-14 20-37

Pt 293 1.2-8 20.51 -570

Ta 293 -12--2 -63 —-0.4

W 293 -33 -127 £ 23

The SHE in solids can have either extrinsic or intrinsic origin.?®?° The
former originates from either skew scattering or side jump mechanism. The
skew scattering is caused by asymmetric scattering of electrons by a central
potential in the presence of spin orbit interaction, such as impurities. It can be
understood phenomenologically as the defection of electron by an effective
magnetic field gradient when it passes by the nucleus of the impurity atom. As
shown schematically in Fig. 2.11 (a) for a 2D case, depending on the spin

direction (up or down), the field gradient will deflect electrons towards two
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sides of the original incident direction; this will lead to SHE. On the other
hand, side jump is originating from the anomalous form of the velocity
operator in spin orbit coupled systems, which is spin-dependent [see Fig.
2.11(b)]. Although this displacement caused by a single scattering event due to
the anomalous velocity is on the order of A, multiple scattering events add up,
leading to spin accumulation at the edges of a conductor on a global scale as

observed experimentally.

Skew scattering Side jump
(b)

: ST

FIG. 2.11 (a) Skew scattering at an impurity with charge Q; (b) Side jump
scattering at an impurity with charge O resulting in a spin dependent
displacement. Figure adapted from Ref. [13].

In the case of intrinsic SHE, the spin dependent transverse displacement
is not caused by scattering, but comes from the electronic band structure. Such

intrinsic contribution can be expressed in terms of Berry curvature Q7 (k) :*%*°

0, =X =22 Y £, Q) (2.44)

where f_ is the Fermi distribution function for the n™ band at K . Q7 (k) can

be viewed as the effective magnetic field in k£ space generated by a Dirac

magnetic monopole. Q7(k) is defined as Q'(k)=VxA*(k) , where

Af(lZ):—Im<uk|Vk|uk> is the Berry vector potential, u, the carrier

51



wavefunction. In analogy to electrodynamics, the Berry curvature can thus be
viewed as the effective magnetic field in k-space generated by a Dirac

magnetic monopole. Associated with it is the line integral of Berry vector

potential ¢ = (JS Af(R)-dIZ called Berry phase. According to Stokes’s theorem,

it can be alternatively written as a surface integral of Berry curvature

¢:j£¥(lz)-dkxdky. Once an electric field (or charge current) is applied, it

causes a linear variation in Kk . In this case, a closed path is realized when k
sweeps the entire Brillouin zone.’® The carriers travel in such a closed path
experiences a phase change, and feels an effective magnetic field given by the
flux of the monopole through the surface subtended by the path. This magnetic
field in turn induces spin dependent anomalous transverse velocity for carriers,
and leads to the separation of spins in the transverse direction, i.e. the so-
called SHE. Following the Berry curvature mechanism, the intrinsic spin Hall
conductivity has been calculated for 4d and 5d metals.>"*> The results turned
out to follow Hund’s rule, i.e., the spin Hall conductivity is positive for more

than half-filling and negative for less than half-filling of the d-bands.

2.5 Spin orbit torque

As discussed above, spin current can be generated either inside an FM
with bulk inversion asymmetry or in FM/HM hetero-structure. In both cases,
the spin angular momentum is transferred from the conduction electrons to the
FM magnetization. The transfer can be understood as the absorption of the
transverse component of non-equilibrium spin densities (& LM ) by the
magnetization, and thus exerts on a torque onto it. Since it utilizes SOC to

create non-equilibrium spin densities or spin current, the resultant torque is
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named as spin orbit torque (SOT).

To the best of our knowledge, the first experimental observation of SOT
was reported by Chernyshov et al.*® for Gao9sMnoosAs dilute magnetic
semiconductor (DMS) with a Curie temperature of 80 K. The Gai—xMnxAs
layer grown epitaxially on GaAs (001) substrate is compressively strained,
which results in a bulk inversion asymmetry. In metallic FMs, such intrinsic
bulk inversion asymmetry is difficult to realize. Miron et al.** reported the first
observation of a current-induced SOT in a thin Co layer sandwiched by a Pt
and an AlOx layer. One explanation is based on the surface inversion
asymmetry, which comes from the difference in the Co interfaces with Pt and
AlOx. The electrons in the Co layer thus experiences a large Rashba effect,
leading to sizable current-induced SOT. On the other hand, the presence of Pt
also gives rise to pure spin current generated from SHE. In addition to the
Rashba effect, spin current diffused from the Pt layer can also exert a torque
on the FM layer. Nevertheless, following the first report, the SOT has been
demonstrated in a wide variety of FM/HM systems with FMs such as
CoFeB,*>*° Fe,* NiFe,*! etc. and HMs such as Pt and Ta.

As discussed in Sec 2.2.3, the magnetization of FM can be described by
the general LLG equation [see Eq. (2.6)], including precession and damping

terms. Despite the debatable origin of SOT, it is usually phenomenologically

expressed as field-like and antidamping-like terms in the LLG equation:***?
dm ~ a dm
—=—lyimMxH_ +—| Mx— |[+taMx(Mx&5)+b.mMx& 2.45
dt |7| eff Ms [ dt j j ( ) j ( )

where a; and b; correspond to the antidamping-like and field-like torque

coefficient, respectively. I:Ieﬁ can calculated from the free energy density

53



using H, = —%. In this way, the current induced SOT effective field is

decomposed into two terms Hg,, =Hy +H , where Hy =amx& is the
antidamping-like effective field, and H =Db;5 is the field-like effective
field. As can be seen, the H,, depends on the local magnetization direction
whereas H_, only depends on the spin polarization direction of the spin

current. In principle, the magnitude of a; and b; may depend on the angle of

M and &, while generally they are treated as constant for simplicity in both
theoretical and experimental works. To determine the SOT effective fields,
various methods have been proposed, including but not limited to, field
sweeping second harmonic method,*** 2" order PHE method,***' angle-
dependent MR or Hall measurement.***? The first method is more suitable for
perpendicular anisotropy FM due to the approximation used in the derivation,
while the others are proposed for FM with in-plane anisotropy. In this
dissertation, the FeMn/Pt bilayers or FeMn/Pt multilayers are of in-plane
anisotropy, therefore the main method we adopted to quantify SOT is the
second order PHE measurement. A detailed description on the experimental
method will be discussed in Chapter 3.

Another point to note is that recent experimental results have found that
SHE may play a bigger role than Rashba effect in FM/HM bilayers,>6:40:41:45
especially when the FM layer is thick. One consideration is that without the
third oxide layer, the inversion asymmetry in the structure is weak since the
work function between metals are generally close to each other as compared to
that between metal and oxide.*® Another consideration is based on the

interfacial nature of Rashba effect, whose magnitude is expected to decrease
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as the thickness of FM increases. This has been further supported by the fact
that the observed effective field directions are opposite to each other in Pt and
Ta based bilayers with a same FM,**! in consistency with the opposite spin
Hall angle for the two HMs. Considering the fact the structures in this work
are also metallic ones similar to that in Ref. [41], to simplify the treatments,
the discussion and analysis in this dissertation (Chapter 4 - 6) are carried out

mainly based on the SHE scenario.

2.6 Spin Hall magnetoresistance

In addition to SOT, an unconventional MR effect has also been reported
in FM/HM bilayers, particularly YIG/HM.*"** One possible explanation of the
effect is associated with the simultaneous actions of SHE and its inverse effect
[inverse spin Hall effect (ISHE)].>® This explanation has been working well
with many experimental observations.**-1%* As depicted in Fig. 2.12, when the
spin current generated from HM reaches the FM/HM interface, depending on
the angle between M and &, a certain portion of the spin current is reflected
back into HM with the remaining traveling across the interface and absorbed
by FM. The reflection is maximum when M || & and minimum when M L &.
The absorbed spin current interacts with M , leading to SOT as discussed in
the last section. The reflected spin current j"¢") is converted to a charge
current j/S#F) in HM through ISHE which flows in the opposite direction of

the original current j.. As a consequence, the longitudinal resistance of HM is
modulated by the direction of M , leading to the appearance of SMR given by

Lo = P —Ap(M-G)°, where p, is the longitudinal resistivity, M the unit

vector of magnetization, p, the isotropic longitudinal resistivity, and Ap the

55



SMR induced resistivity change. If we assume the charge current is in x-

direction, & lies in y-direction, and the SMR can be rewritten as:
P = Py —Apsin® gsin® 6 (2.46)

As can be seen, SMR has an angle dependence on magnetic field which is
qualitatively different from the conventional AMR in Eq. (2.33). Therefore,
the widely adopted experimental method to distinguish the two effects is the

angle-dependent MR measurement, which will be discussed in Chapter 3.

: (ISHE)

- j ()
J

FIG. 2.12 Schematics of the SMR effect based on the simultaneous actions of
SHE and ISHE in FM/HM bilayers.

Other than YIG based structures, SMR has also been reported in a
variety of FM/HM bilayers with the FMs including both ferromagnetic
insulators such as CoFe204,%° NiFe204,%! Fe304%° and LaCo0O3® and FM
metals, e.g., Co,*! CoFeB,* and NiFe,* and the HMs including Pt, Pd, Ta, and
Ru. Besides FMs, it has also been observed in SrtMnQ3/Pt in which SrMnO3 is
an AF insulator.’’” In addition to ISHE, magnetic proximity effect*’ and
interfacial AMR from spin dependent scattering at FM/HM interface,*® and
Hanle effect in HM itself, may also give rise to similar experimental

observations. But so far, most experimental results seem to support the ISHE
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mechanism. As will be discussed in the later chapters, we have observed both
SOT and SMR in FeMn/Pt based systems, which corroborate well with the

analysis based on the SHE/ISHE scenario.

2.7 Drift-diffusion formalism

The spin transport in FM/HM bilayers can be modelled semi-classically
using the drift-diffusion formalism.”® The main idea is that SHE in the HM
layer drives spins with different polarization direction to accumulate at
opposite surfaces of the HM; this results in difference in electrochemical
potential for spin-up and spin-down electrons. The difference in
electrochemical potential in turn causes electrons to drift so that the net spin
current will be zero at the surfaces. In the case of FM/HM bilayers, the spin
current will be zero at only one surface and at the other surface a finite amount
of spin current will be absorbed by the FM layer. The driving force causing

the drift is given by Ifz—V/,tm), where 4. is the spin-dependent

)

electrochemical potential, and is defined as 0 :ﬂch,T(¢)_e¢' Here Han (1)

and ¢ are the spin-dependent chemical potential and electric potential,

respectively. For small deviations from the equilibrium, z, .

© =My Ny

where n, |, is the carrier density, and N, is the (spin-resolved) density of

(¥) (¥)
states at the Fermi energy. Following these definitions and after taking into
account SHE and its Onsager’s reciprocal ISHE, the current density (both

charge and spin) in the HM layer of the FM/HM bilayers can be rewritten as:*
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I 1 0,%x  0,5x 0,2x\ —Vu,le

I O, X 0 0 Vi, | (2
Yo | _ | G s 1(22) (2.47)
sz GSH yx 0 1 0 —V,Llsy /(29)
i O42x 0 0 1 )=V, /(2e)

where j is the spin current polarized in i-direction (i = x, y or z), ]/ is the
spin current following in j-direction (j = x, y or z), o is the conductivity of HM,
0, 1s the spin Hall angle of HM, x, =e¢ is the charge chemical potential,
fy = ji. — 1, is the spin accumulation and zi = (44, 44, 1) — ol with T
the unity vector. The external electric field, € = &, X, is applied in x-direction
(charge current j =o¢,). In the case of thin film, due to the finite spin

diffusion length of HM (usually on the order of nm), there is only net SHE
spin current flow in z-direction with polarization in y-direction. In this case,

Eq. (2.47) can be simplified as:

LR I 0
jszy = _2_eaz Hy |~ 95H JCX (248)
I M, 0

Hs
2
N

The spin accumulation follows the diffusion equation Vi, = where A

is the spin diffusion length of HM expressed as 4, =,/Dz in terms of the

charge diffusion constant and spin-flip relaxation time. Therefore, the general

solution of i, is given by:

Mo (2)) (A B,
Uy (2) |=| A |exp(=2/ Ay) +| B, |exp(z/ 4y) (2.49)
Ha(2)) A B,

In the case of FM/HM bilayers, the boundary conditions for j in the HM can

be assumed as follows:
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j{(z=0)=0 (2.50)

is@=dy) =1 lewsmm (2.51)

€17 |ew s = G, Mx (Mx fz.) +G, (Mx zz,) (2.52)
where Guix = G,+iGi is the complex spin-mixing interface conductance per
unit arca of the FM/HM interface, dy 1is the thickness of HM,
I e = (JE(d ), Joydy), Js (d,))" is the spin current density at the
FM/HM interface. Eq. (2.50) is readily understood as the spin current vanishes
at the sample surface. Eq. (2.51) states that the spin current is continuous
across the FM/HM interface. Eq. (2.52) is based on the consideration that the
spin accumulation inside FM of the FM/HM interface is governed by spin
mixing conductance. The real part G, represents the spin transmission
efficiency at the interface (transverse component of spin current with & L M),
while the imaginary part Gi can be interpreted as an effective exchange field
acting on the spin accumulation. Substitute Eq. (2.50) and Eq. (2.51) of into

Eq. (2.49), the coefficient vectors A and B can be expressed in terms of jZ ,
jszy > jszz .

ey Js (dy)

A=B= sinh(d, 1 4) (2:53)
:_ElN{szy(dN)—QSH jc[l—exp(dN /ﬁ'N )]}
A osinh(d, / 4,) !
. ) (2.54)
_ ey (dy) Oy, j[1—exp(=d / A1}
y osinh(d,, / 4, )
Az :Bz — e/f{’N Jszz(dN) (255)

osinh(d, / 4,)

Further substitution of the above expressions of A and B into Eq. (2.52) using
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Eq. (2.49), the spin accumulation inside HM can be derived as:

B sinh 222sz
”S(Oz)z—y—dN+[mx(mxy)Re
Hs sinh N
N (2.56)
z—-d,
27 G cosh
+(mxy)Im] - g dN
o +21,G,,, coth—"  sinh =%
/’i’N N

with 10 = z1.(0) = (2e4, / o) j3, tanh(d,, / 24,) the spin accumulation at the
interface in the absence of spin transfer (G,,, =0), and j' =86,, j° the spin

current generated in HM before diffusion. The spin current distribution in HM

is thus:
., cosh szldN —cosh 2d/$
JSS(HZ)—— N N —[mx(mxy)Re
Jso cosh zd;
N y ; (2.57)

22,Gyyy tanh N sinh 2~

. 22, Ay

+(mxy)Im] g 5
o +22,G,,y coth="  sinh =N
N N

When considering SMR, the spin current is further converted into an
opposite charge current via ISHE. The total longitudinal charge current in HM

thus becomes:

cosh 22~ 9
J. (2 22
3D g gy i (1-m))
& cosh X
22,
; | (2.58)
27, Gy, tanh N sinh 2~
x Re Ay Ay ]
d . .d
o +22,G,,, coth—N sinh =N
ﬂ’N N

Averaging this charge current over the entire film thickness lead to the SMR
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ratio expressed as:>’

AR 5 22,,G,,x tanh® Zd/lN
— =02, d—N Re dN (2.59)
R Vo4 24,G, coth S

N

XX

As can be seen from Eq. (2.56), SMR is mainly related to spin transport
parameters of HM such as its spin Hall angle, spin diffusion length, and spin
mixing conductance at the FM/HM interface. This is applicable for the case of
an insulating FM system, where the conduction electrons cannot travel into
FM. When the FM is metallic, Eq. (2.59) must be modified by taking into

account the charge current shunting as well as the longitudinal spin current
(6| M ) absorption by the metallic FM. In this case, the boundary condition
Eq. (2.52) should be modified as”!

657 Iy = € — 1,)M—G,Mx (M 2,) ~ G, (Mx ) (2.60)
In a similar manner, the SMR ratio can be derived and is given by®?

AR _ ooy tanh®(d,, /24) g,

R, M d,  1+¢ 1+g, coth(d,, /24,)

XX

2.61)

_ 9e ]
1+ g, coth(d, /24,)

. (1-P.))p A
with g, = p 4, Re[G,x ], and g, = En Cocth(d': /N/1F) . Here, pn, pr, AN, A,

and dv, dr are the resistivity, spin diffusion length and thickness of HM and

j _ ji is the current spin polarization of FM, and
+
1l

FM, respectively, P, = h

&=p\d: ! pdy is the current shunting factor. Now, the SMR is also related

to the spin transport parameters in FM such as its current polarization and spin

diffusion length. The above results suggest that SMR serves as a sensitive tool
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to investigate the spin current interaction with the FM layer. In this
dissertation, we extend the study to AF materials, and detailed results and
discussion will be presented in Chapter 5.

The current-induced effective field scales linearly with the spin current

37 lew s at the FM/HM interface and is given by:”

h I
AH, :_ZEdFMS (M I e ram )i (2.62)

Substituting Eq. (2.57) and Eq. (2.58) into Eq. (2.62), one obtains the

antidamping-like and field-like effective field as follows:’?

hoj 1 (1+9,)9, +9/’
H =-@. ——3 (11— L =r = 2.63
on =0 e g oosh(d 14y (rg.) + g (2:63)
hoj 1 -
H,y = - ke ) % (2.64)

Oy — x 2 2
2e M d, cosh(d, / 4,)" (@+9,) +g,

with g, = Re[G,,x 14\ coth(j—“) and g, = Im[G,,, 14, Coth(i—N). As can be

N N
seen, the antidamping-like torque is mainly related to the absorption of
transverse spin current (Gr), whereas the field-like torque is related to the
effective exchange field (Gi). Using the same notion for g- and gi, Eq. (2.59)

can be re-written as:’?

1 )Xgr(1+gr)+gi2
cosh(d, /4,)" (@+g,)°+g’

— =0, j—“tanh(dN 122,)(1— (2.65)

XX N

As expected, the SOT and SMR correlate closely with each other. This
correlation will be discussed in FeMn/Pt bilayers in Chapter 4 and 5,

respectively.

2.8 Summary

In this chapter, the physical background of ferromagnetism and
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antiferromagnetism is first discussed, including the LLG equation and the
macro-spin model. In addition, since majority of the results presented in the
dissertation is obtained using electrical measurements, magneto-transport
related phenomena such as MR, AHE, PHE are also introduced. More
importantly, an emphasis is placed on spin current, spin orbit coupling, spin
orbit torque and spin Hall magnetoresistance, which are directly related to this
work. A detailed treatment of SOT and SMR based on the drift-diffusion
model is introduced. These theoretical backgrounds will be useful for
developing an understanding of the experimental results to be presented in

chapters 4 - 6.
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Chapter 3 Experimental Methods

This chapter gives a brief overview of the sample fabrication and
characterization techniques mainly including sputtering, photolithography, lift-

off, and magneto-transport measurements.

3.1 Sample fabrication
3.1.1 Substrate preparation

The samples were prepared on silicon substrates with 300 nm SiO2. The
substrates were cut into a dimension of 8 mm x 8§ mm using dicer from the
original 4 inch wafer. Subsequently, a thorough substrates cleaning was
carried out in a cleanroom environment to remove any contaminations induced
during the wafer handling, transport and cutting. The general cleaning
procedures are as follows:

(1) Flush the substrates using deionized (DI) water (resistance > 15
MQ);

(2) Perform 15 mins ultrasonic bath in acetone;

(3) Transfer the substrates from acetone to isopropyl alcohol (IPA);

(4) Perform 15 mins ultrasonic bath in IPA;

(5) Flush the substrates using deionized (DI) water for 30 s.

(6) Blow the substrates with nitrogen air gun.

3.1.2 Device patterning

After the cleaning process, the substrates were subsequently patterned
into Hall bar devices for electrical measurements. The dimensions of the Hall
bars are: central area: 2.3 mm % 0.2 mm and transverse electrodes: 0.1 mm x 1

mm. A Microtech laserwriter system with a 405 nm laser was employed to
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directly write the pattern on the substrate. The general lithography procedures
using laserwriter are as follows:

(1) A bilayer photoresist consisting of PGMI SF2 and negative resist

Microposit S1805 was coated onto the substrates;

(2) A pre-calibration was performed before actual exposure to optimize

the exposure power and stage scanning speed;

(3) The substrates were exposed subsequently using the optimized

parameters obtained in the last step;

(4) After the exposure, the substrates were soaked in developer MF319

for 90 s to develop S1805, and subsequently soaked in developer 101
for 5 mins to create an undercut with SF2.

The purpose of adopting the bilayer photoresist with the undercut is to
avoid the side wall effect during the metal deposition and lift-off. The
undercut is estimated to be around 300 nm. Metal deposition and lift-off (both
will be discussed shortly) are followed by the lithography process. After
forming the Hall bar, a second lithography process was performed to pattern
the electrodes with a dimension of 0.5 mm x 0.5 mm. The laser writing
conditions are similar to that presented above except for a larger exposure
power and a faster scanning speed. Similarly, the second lithography is also

followed by the electrode deposition and lift-off.

3.1.3 High vacuum sputtering

The film deposition in this work was carried out using a computer
controlled magnetron sputtering system from AJA International, Inc. Fig. 3.1
shows a schematic of the system. It consists of two chambers: the loadlock

chamber and the main chamber. Both rotary pump (RP) and turbo molecular
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pump (TMP) are used to evacuate the loadlock and the main chambers. It has
a base and process pressure of 3x10® Torr and 3 mTorr, respectively. The main
chamber has six confocal magnetron sputtering guns allowing uniform
deposition over 3" wafer and co-sputtering.

Substrate

holder
x, (ﬁ lon gauge

| | Gate

Transfer Ar

il C I | Loadlock| | :l
Main — —

chamber

6 confocal Pressure
magnetron guns gauge

FIG. 3.1 Schematics of the AJA sputtering system.

The deposition power and rate of individual materials are optimized as
shown in Table 3.1. All the depositions are performed at room temperature.
During the deposition of NiFe and [FeMn/Pt]n multilayer, an in-plane field of
around 500 Oe was applied to induce the uniaxial anisotropy.

TABLE 3.1 Summary of the deposition power and rate of materials used in
this work.

Material Power (W) | Rate (nm/s)
Ta 200 0.130
Pt 50 0.075
FeMn 70 0.046
NiFe 120 0.055
Au 100 0.167
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3.1.4 Lift off and wire bonding
For patterned devices, after each deposition, a lift-off process is
performed to remove the photoresist layer. The steps are as follow:

(1) Soak the samples in mixed solvent of PG remover and acetone with a
volume ratio around 1:3 for 15 mins, and perform an ultrasonic bath
of 5 mins;

(2) Quickly transfer them to another beaker filled with acetone, and
perform another ultrasonic bath of 5 mins;

(3) Quickly transfer them to another beaker filled with IPA, and perform
another ultrasonic bath of 5 mins;

(4) Flush by running DI water for 30 seconds;

(5) Check to ensure the quality of patterns with high resolution optical
microscope.

For magneto-transport measurement, 200 nm thick Au contact pads with
10 nm Ta adhesion layer were deposited on devices. Except for those
measured using probe station, the samples were mounted on 24-pin chip
carriers (home-built transport measurement system) or sample pucks
(VersaLab PPMS). The Au pads and the bonding pads of chip carriers (or
sample pucks) were connected with Au wires by using a Kulicke & Soffa Wire
Bonder 4524AD system. Au wires and pads ensure a stable connection during

the subsequent measurements.

3.2 Sample characterization

3.2.1 Structural and magnetic properties characterization

The crystallographic texture of the samples was examined using X-ray
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diffraction (XRD), D8-Advance Bruker system with Cu Ko radiation. Atomic
force microscopy (AFM), Veeco Dimension 3100 SPM, was used to
characterize both the surface roughness and thickness of deposited films for
optimization of the sputtering process. The magnetic properties were
characterized using the VSM module of the VersalLab physical property
measurement system (PPMS) from Quantum Design, Inc. Before
measurement, the coupon films were cut into a size of 4 mm X 5 mm. The

resolution of the system is better than 6x107 emu.

3.2.2 Magneto-transport measurements
As discussed in Chapter 2, various magneto-transport effects can be used
to characterize magnetic materials and devices. Such electrical measurements
are especially suitable for investigating spin-related phenomenon in AF
because of its negligible net moment.!” In this work, the magneto-transport
measurements were performed in one of the systems including i) a probe
station with electromagnet, ii) a home-built magneto-transport system, and iii)
VersalLLab PPMS.
Fig. 3.2 illustrates the setup for transport measurements, which generally
consists of:
(1) AC —DC current source (Keithley 6221);
(2) Nanovolt meter (Keithley 2182);
(3) Electromagnet (2 kOe for probe station, 4 kOe for home-built
system) + power supply (300 V -5 A);
(4) Superconducting magnet (30 kOe for VersaLab PPMS) + power
supply;

(5) Helmholtz coils (used in home-built system) + power supply
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(Keithley 2440);

(6) Motorized rotation stage + DC servo controller (used in home-built
system), horizontal rotator (used in VersalLab PPMS);

(7) National Instruments LABVIEW programs to coordinate the

instrument operation and data acquisition.

Helmholtz

Keithley 2440 SMU

Keithley 6221
current source

Keithley 2182
nanovolt meter Device
under test
—1 Rotator

IEEE 488
Magnet (@] (?
L
PC
Bipolar power
e ] usB supply
—

RS 232

FIG. 3.2 Schematics of the setup for magneto-transport measurements.

3.2.2.1 Measurement of spin Hall magnetoresistance

The investigation SMR consists of two rounds of MR measurements: 1)
conventional field dependent MR measurements (FDMR) and ii) angle
dependent MR measurement (ADMR). As shown in Fig. 3.3(a), in the former
case, the longitudinal resistance Rx is recorded with a sweeping magnetic field
applied in a fixed direction. In the latter case, Ry is recorded under a constant
magnetic field rotating in different coordinate planes (xy, yz, xz) as depicted in
Fig. 3.3(b) — (d). If the applied field H is sufficiently large to saturate the

magnetization, the SMR ratio can be calculated from the relation

AR/R,, =(RXZX —nyx)/ R) ,*® where R’ and R) are Rx obtained with H
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applied in z- and y-direction, respectively.

H s 1
(@) L

20, H y

7

FIG. 3.3 (a) Conventional field dependent MR measurement geometry; (b) —
(d) Angle dependent MR measurement geometry with constant magnetic field
rotated in zy, zx, and xy plane, respectively; (e) Conventional field sweeping
PHE measurement geometry; (f) Second order PHE measurement geometry
with transverse bias field.

3.2.2.2 Quantification of spin orbit torque effective field

The SOT effect is investigated following the planar Hall effect
measurement geometry, i.e., supplying a DC bias current (/) to the Hall bar
samples and measuring the Hall voltage (V) while sweeping an external field
(H) in x-axis. In the first round of measurements, only the magnitude of 7 was
varied [see schematics in Fig. 3.3(¢e)].

To quantify the SOT effective field, 2" order PHE measurements’® were
carried out using the external electromagnet with an additional transverse bias
magnetic field [see schematic in Fig. 3.3(f)]. In this method, a set of 2" order
PHE voltages, defined as AV, (H H),

bias) =ny(+| +H H)+ny(—l,—HbiaS,
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are obtained from the algebraic sum of the first order Hall voltages measured
at a positive (+/) and negative bias (-/) current, respectively, at three different
transverse bias fields in y-axis direction: —Hbpias, 0 and Hbpias. Here, Viy is the
first order Hall voltage. Under the small perturbation assumption, i.e., both the
current induced field (Hrr) and applied transverse bias field (Hpias) are much
smaller than H, the change in in-plane magnetization direction is proportional

to (H, + H,,.)/ Hy » where H; is the sum of Hr. and Oersted field (Hoe), and

bias
Hep 1s the sum of H and anisotropy field (H4). The linear dependence of
second order PHE voltage on the algebraic sum of Hr and Hbpiss allows one to

determine the effective field by varying Haiss as both fields play an equivalent

role in determining the magnetization direction. After some algebra, it is

AV, (0) _ He +Ho .
)_Avxy (_Hbias) 2H

derived that By linearly fitting

Any ( H bias bias

AV, (0) against [AV, (H,.)—AV, (-H,,)], the ratio of (Hg +Hg,) to

2Hpias can be determined from the slope of the curve. After subtracting of Hoe
from Hi, the current induced Hrr at a specific bias current can thus be

obtained.

3.2.2.3 Magnetization switching measurements

Magnetization switching experiments were performed by sweeping a
pulsed current and measuring the PHE signal. The measurement geometry is
similar to that of the conventional PHE shown in Fig. 3.3(e), except that,
instead of magnetic field, a pulsed current is swept to induce SOT switching of
the magnetization. We also performed read/write measurement in which the
measurement is performed by first rotating the magnetization by a larger

current pulse and then reading the magnetization using a smaller current pulse,
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and repeating the same sequence for as many cycles as one wants.

In both experiments, the purpose of using pulsed current instead of
continuous current is to suppress the current induced Joule heating. The pulsed
current is supplied by Keithley 6221 with a constant duration of 5 ms and a
duty ratio of 2.5%. The voltage reading is done by Keithley 2182 with a delay
time of 2 ms after the application of each pulse. The voltage measurement is

repeated and averaged for 5 times at each data point.

3.3 Summary

In this chapter, we described briefly the sample fabrication techniques
including lithography and sputtering. Details were provided for ADMR and
2" order PHE measurements, which are used for quantifications of the SOT

effective field and SMR ratio for both FeMn/Pt bilayer and multilayer samples.
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Chapter 4 Field-like Spin Orbit Torque in Ultra-Thin

Polycrystalline FeMn Films

As mentioned in Chapters 1 and 2, unlike FM, studies on the interactions
between non-equilibrium spins or spin current with AF are quite limited at the
time when this work was started. In this chapter, we present the study on the
spin current induced SOT effect in FeMn/Pt bilayer and the quantification of
the SOT effective field using 2™ order PHE measurements. The SOT effective
field results corroborate with the spin Hall origin, and can be explained by
taking into account the uncompensated moment in FeMn. The spin diffusion
length in FeMn is estimated by quantification of SOT effect in NiFe/FeMn/Pt

trilayers.

4.1 Sample structure

Two series of samples in the form of Hall bars were prepared on
Si02(300 nm)/Si substrates with the following configurations: (i)
Si/Si02/FeMn(tremn)/Pt(3) and (ii) Si/SiO2/Ta (3)/NiFe(3)/FeMn(trern)/Pt(3)
(number in the parentheses indicates the thickness in nm). The thickness
(tFemn) of FeMn was varied in the range of 0 - 15 nm to investigate its effect on
transport properties. The devices were fabricated using combined techniques
of sputtering and liftoff as discussed in Chapter 3. Besides the patterned
devices for transport measurements, control samples of coupon films were
also fabricated to study the structural and magnetic properties. During the
deposition of the trilayers, an in-plane bias field of ~500 Oe was applied along

the long axis of the Hall bar to induce an in-plane easy axis in NiFe. The
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resistivity of individual layers was extracted from the overall resistivity of
bilayers with thicknesses in the same range of those for transport
measurements but with different thickness combinations, and the obtained
resistivity values are: pzm = 159 pQ-cm, pyire = 79 pQ-cm, premn = 166 pQ-cm,

and ppr =32 pQ-cm.

4.2 Investigation of AF order in thin FeMn film

4.2.1 Structural and magnetic properties of FeMn
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FIG. 4.1 XRD patterns for Ta(3)/NiFe(3)/FeMn(15)/Ta(3),
Ta(3)/FeMn(15)/Ta(3), FeMn(15)/Ta(3) and Ta(3)/NiFe(3)/Ta(3) coupon films.
Curves are vertically shifted for clarity.

Before proceeding to the electrical measurements, it is desirable to
clarify the AF order in the as-deposited FeMn films. To do so, we studied both
the structural and magnetic properties of the samples. Fig. 4.1 shows the XRD
patterns  of  coupon  films  with  different  structures: (A)
Si/Si02/Ta(3)/NiFe(3)/FeMn(15)/Ta(3), (B) Si/SiO2/Ta(3)/FeMn(15)/Ta(3),
(C) Si/Si02/FeMn (15)/Ta(3), and (D) Si/SiO2/Ta(3)/NiFe(3)/Ta(3). The Ta
capping layer is used to prevent the samples from oxidization. In order to

obtain a certain level of signal strength, the thickness of FeMn was

intentionally made thicker than those of the samples for electrical transport
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measurements. As can be seen from the figure, all the samples with a FeMn
layer, namely, A, B, and C, exhibit a peak at 43.5°, corresponding to the (111)
peak of FeMn. This indicates that the FeMn layer is well textured in [111]
direction. The bottom Ta layer enhances the adhesion to the substrate, but it
has negligible effect on the texture of FeMn as shown by the subtle difference
between the peak intensities of XRD pattern B and C. Therefore, for electrical
measurements, the Ta seed layer can be removed in order to avoid the
formation of dead layer at the Ta/FeMn interface and also to eliminate any
current induced effect from Ta. On the other hand, the insertion of a thin NiFe
underlayer significantly enhances the [111] texture of FeMn, as can be seen
from the significantly larger peak intensity of A as compared to B and D.

Next, magnetic measurements using VSM were performed on two series
of coupon films: (i) a single layer of FeMn(3) covered by different capping
layers: Pt(3), Ta(3), and Au(3); and (ii) a single layer of FeMn(¢rermn) with tremmn
=1 - 15 nm capped by a Pt(3) layer. Fig. 4.2(a) shows the magnetization
versus field (M-H) loops for the series i) of samples after subtracting the
diamagnetic signal from the substrate. All the samples exhibit FM-like M-H
curves with a negligible hysteresis but a large saturation field around 20 kOe.
The samples capped with Pt and Au show similar M-H loops and saturation
magnetization, whereas the sample capped by Ta exhibit an apparently
different behavior: both the saturation field and magnetization are much
smaller than those of the other two samples. As shown in the inset of Fig.
4.2(a), the saturation magnetization M; (averaged over the field range from 20
kOe to 30 kOe) of Pt capped sample is slightly higher than that of the Au

capped sample, and both are almost double of that of the Ta capped sample.
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This is consistent with earlier reports that (i) Pt interfacial layer can be easily
magnetized through proximity effect when contacting with a FM,'? but the
same type of effect is weak in Au,® and (ii) Ta can create magnetic dead layer
in the adjacent FM.* Similar proximity effect has been observed at FeMn/Pt
interfaces in previous studies on exchange bias.™® Obviously the proximity
effect induced moment in Pt alone is unable to account for the large saturation

moment shown in Fig. 4.2(a).
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FIG. 4.2 (a) M-H loops for FeMn(3)/Pt(3), FeMn(3)/Ta(3), FeMn(3)/Au(3),
respectively; (b) M-H loops for FeMn(tremn)/Pt with tremn =2 nm, 3 nm, 5 nm,
8 nm, and 15 nm. Inset of (a): M; of bilayers with different capping layer.

In order to better understand the origin of the observed net moment, we
investigated the series ii) of samples with varying FeMn thicknesses but a
fixed Pt capping layer. Fig. 4.2(b) shows the typical examples of M-H loops of
FeMn(tremn)/Pt(3) with ftresn = 2 nm, 3 nm, 5 nm, 8 nm, and 15 nm,
respectively. Although the shape of the M-H loops looks quite similar among
these samples, the saturation magnetization decreases quickly with increasing
tremn. The saturation magnetization of samples with tremn =1 - 15 nm is further
summarized in Fig. 4.3(a). As can be seen, it drops to almost zero at tremn = 8
nm. This thickness dependence of saturation magnetization suggests that the

observed saturation magnetizations at small thicknesses (frem» < 8 nm) are
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mainly due to canting of spin sub-lattices subject to a large external field [see
the illustration in Fig. 4.3(b)]. Canting at a moderate field is only possible
when FeMn is thin due to the reduced sub-lattice exchange field at small
thickness. With the increase of thickness, a bulk-like AF order will eventually
be full established. When this happens it would be difficult to cause any
canting of the spin sub-lattices at a moderate field, leading to a vanishing

saturation magnetization in the FeMn/Pt bilayer as observed for tFern > 8 nm.
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FIG. 4.3 (a) FeMn thickness dependence of Ms of FeMn(¢remn)/Pt (3) bialyers;
(b) Illustration of the canting of spin sub-lattices at small FeMn thicknesses;
(c) Illustration of spin sub-lattices with unequal magnetizations in FeMn near

the FeMn/Pt interface.

On the other hand, any residual saturation moment observed in samples
with thick FeMn must come from both the proximity induced moment in Pt
and the uncompensated spins from the interfacial layer of FeMn. These net
moments are expected to decrease quickly from the interface. However, when
tremn 18 below 1o (the critical thickness for establishing a rigid AF order at room
temperature), as depicted in Fig. 4.3(c), the interaction between Pt and FeMn
will lead to formation of two spin sub-lattices with unequal magnetizations.
Although the net uncompensated moment is expected to decrease from the
interface, for the sake of simplicity, we will assume that it is uniform

throughout the FeMn when it is thin.
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4.2.2 Exchange bias study of NiFe/FeMn/Pt trilayers

To further correlate the magnetic property of FeMn with the M-H loops
in Figs. 4.2 and 4.3, magnetoresistance (MR) measurements [see Fig. 4.4(a)]
were performed on NiFe(3)/FeMn(tremn)/Pt trilayer Hall bars with tream
varying from 0 to 15 nm. Figs. 4.4(b) and (c) show the MR curves for samples
with fremn in the range of 0 — 5 nm and 8 — 15 nm, respectively. Since the MR
from NiFe is significantly larger than that of FeMn, we can safely assume that
the MR is dominated by the signal from NiFe for all the samples, regardless of
the FeMn thickness. Shown in Fig. 4.4(d) are the coercivity of NiFe (H.) and
exchange bias field (He») at the NiFe/FeMn interface extracted from the MR
curves in Figs. 4.4(b) and (c). As can be seen from the results, the effect of
FeMn on NiFe depends strongly on its thickness. For fremn < 2 nm, there is
neither H. enhancement of NiFe nor observable He»r at the NiFe/FeMn
interface. This indicates that in this thickness region the blocking temperature
(T8) and possibly Neel temperature (7n) of the magnetic grains are below
room temperature (RT). In other words, the spin sub-lattices within each grain
are weakly coupled and the entire film behaves more or less like a superpara-
antiferromagnet. At tremn 0f 3 - 5 nm, an increased H. (around 8 — 270 Oe) and
a small Hep (around 1 — 3 Oe) were observed, suggesting the formation of AF
order (Tn > Tz > RT) as the thicknesses increases. In this case, the exchange
coupling between the spin sub-lattices should have already been established in
most of the grains, though its strength as well as the anisotropy remains small
and varies among the different grains. Therefore, in this thickness region, the
FeMn layer may be treated as an AF with a finite distribution of exchange

coupling strength and anisotropy, with both having a small magnitude. As a
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consequence, the AF sub-lattices can be canted by an external magnetic field
with a moderate strength, as shown in Figs. 4.3(b) and (c). The onset of a clear
exchange bias, with the Her (~450 Oe) comparable to typical values reported
in literature,” was observed for samples with trep» > 8 nm. In this thickness
range, the variation in exchange coupling among the grains may be ignored,
and the entire film can be treated as an AF with a uniform exchange coupling
strength, but having a finite distribution of anisotropy. As reproduced in the
inset of Fig. 4.4(d), the observed thickness dependence of the AF order in our
FeMn film is consistent with the previous theoretical calculation® of the

thickness dependence of 7.
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FIG. 4.4 (a) Schematics of field sweeping MR measurement; (b) MR curves
for NiFe(3)/FeMn(¢remn)/Pt trilayers with tremn = 0 — 5 nm; (¢) MR curves for
NiFe(3)/FeMn(tremn)/Pt trilayers with £ = 8 — 15 nm; (d) Dependence of H. and
Hep on tremn extracted from (b) and (c¢). Inset of (d): tremn-dependence of T
(reproduced from Ref. [8]).

It should be noted that the critical thickness for onset of clear exchange

bias coincides with the thickness above which the saturation magnetization
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drops to a minimum in Figs. 4.3(a). This further affirms our explanation that
the large saturation moments observed in thin FeMn are due to canting of the
spin sub-lattices [see Fig. 4.3(b)]. As will be presented shortly, the current-
induced PHE signal also vanishes as the thickness of FeMn exceeds the
critical thickness in both bilayer and trilayer samples. Therefore, we focus the
discussion hereafter mainly on ultra-thin FeMn films (1 — 5 nm). Although the
FeMn layers in this thickness range are not normal AF in the strict sense, the
improved response of AF spins to external field provides a convenient way to

study the interaction of AF with spin current.

4.3 Magneto-transport results of FeMn/Pt bilayers

4.3.1 PHE measurements of FeMn/Pt bilayers

We now turn to the PHE measurement results of FeMn(zrern)/Pt(3)
bilayer samples. The measurement geometry is shown in Fig. 4.5(a). As an
example for the typical results obtained in bilayers, Fig. 4.5(b) shows the
planar Hall resistance (4Rxy) versus field (H) curves obtained at different bias
currents (), for the tremn = 3 nm sample. Here, the Hall resistance is given by

AR =[V,, (+1,H)+V, (=1,H)]/ 21 , which represents the change in Hall

resistance caused by the current-induced effective field. As can be seen from
Fig. 4.5(b), the overall shape of the PHE curves resembles that of a typical
FM. The Hall signal is weak at low bias current and increases prominently
with increasing the bias current. Moreover, the peak position of PHE shifts to
larger field values as the bias current increases. Since the AF consists of grains
with randomly distributed in-plane anisotropy axes, the PHE signal can be
understood as resulting from two competing fields, i.e., the externally applied

field in x-direction and current-induced effective field in y-direction, acting on
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the spin sub-lattices of FeMn. The increase of PHE signal amplitude and shift
of the peak position can be understood as being caused by the increase of Hr
when the current increases. The role of H; is confirmed by the observation that
the PHE signal vanishes when the field is swept in y-direction, as shown in

Fig. 4.5(c) for a bias current of 5 mA.

4 2 0 2 4
H (kOe)

FIG. 4.5 (a) Schematic of PHE measurement at different bias currents; (b)
PHE curves for FeMn(3)/Pt(3) at different bias currents; (c) PHE curves for
FeMn(3)/Pt(3) obtained at 5 mA with field swept in x- and y-direction,
respectively; (d) A comparison of PHE curves at 5 mA for FeMn(3)/Ta(3)
(dashed line) and FeMn(3)/Pt(3) (solid line) with the field applied in x-
direction; (e) Normalized PHE curves for samples with different FeMn
thickness from 2 — 5 nm. Note that curves in (b) and (e) are vertically shifted
for clarity.

To further demonstrate that H; indeed originates from the spin Hall

effect, we fabricated a Si/SiO2/FeMn(3)/Ta(3) control sample. Fig. 4.5(d)
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shows the comparison of the PHE curves at 5 mA for both FeMn(3)/Ta(3) and
FeMn(3)/Pt(3) samples. A similar FM-like PHE signal is observed in FeMn/Ta
except that the magnitude is much smaller and its polarity is opposite to that of
FeMn/Pt. The latter implies that the sign of H; in FeMn/Ta is opposite to that
of FeMn/Pt, which is consistent with the opposite sign of sy for Pt and Ta. It
can also be inferred from the results that Joule heating is not the major cause
for the observation, because otherwise one would expect a PHE with same
polarity in both FeMn/Pt and FeMn/Ta as the temperature gradient is not likely
to change direction upon changing the top layer as both Pt and Ta have a lower
resistivity as compared to FeMn. The bias current dependence of PHE for
samples with different FeMn thickness is similar to the one shown in Fig.
4.5(b) except that its magnitude decreases with increasing the FeMn thickness.

Fig. 4.5(e) shows the FeMn thickness dependence of PHE voltage. To
have a meaningful comparison, instead of showing the nominal Hall resistance
by dividing the Hall voltage by the total current, we show the Hall voltage
scaled by the currents in both the FeMn (/remn) and Pt (Ip/) layer. This makes
sense because the PHE signal mainly comes from the FeMn layer but its
amplitude is determined by the current-induced field () from the Pt layer.
Iremn and Ip: were calculated using three-dimensional (3D) finite element
analysis by using the experimentally derived resistivity values for different
layers given in Section 4.2. To shorten the simulation time, the Hall bar
sample was scaled down to a strip with a length of 2 um, a width of 0.2 um
and the thicknesses of each layer remained the same as the actual samples. As
can be seen from Fig. 4.5(e), the PHE signal decreases with increasing the

FeMn thickness, and it becomes vanishingly small at thicknesses above 8 nm
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(not shown here). This is in good agreement with the results of both the VSM
and MR measurements, as discussed above. In other words, the PHE signal
observed in FeMn/Pt bilayers are caused by the current-induced canting of
spin sub-lattices with unequal magnetizations. The signal gradually decreases

to zero as the AF hardens with increasing the thickness.

4.3.2 Quantification of SOT effective field in FeMn/Pt bilayers

In order to quantify the strength of Hj, we carried out the 2" PHE
measurements as described in Chapter 3. Figs. 4.6(a) — (d) show an example of
one set of PHE curves with Hpias = 0 Oe, +10 Oe and — 10 Oe, respectively, at
a bias current of 5 mA for FeMn(tremn)/Pt(3) samples with tremn = 2 nm, 2.5
nm, 3 nm, and 5 nm, respectively. As can be seen, the magnitude of AVxy,
changes with the total field in y-direction including both H; and Hbpias. The
increase of AVxy at Hpias = +10 Oe indicates that H; is in positive y-direction.
Figs. 4.6(e) — (h) show the linear fitting of 4V5,(0) against AVpias = [AVx(+10
Oe) - A4Vx(-10 Oe)] using the data in Figs. 4.6(a) — (d), respectively. For a
better linear approximation, the data at low fields were excluded and only the
data at fields above £1 kOe were used for the fitting.” H; can be calculated
from the slope k by using the relation Hr = 2kHbias. The offset between the
fitting lines at positive and negative region is understood to be caused by
either Hpr or the thermal effect.”!” The small amplitude of the offset confirms
again that the contributions from both effects are small in the PHE signals
obtained from the FeMn/Pt bilayers.

The same experiments have been repeated for FeMn/Pt bilayers with
different bias current in the range of 3 — 20 mA, and the results are

summarized in Fig. 4.7(a). As can be seen, the H; in all samples scales almost
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linearly with the bias current. After subtracting the Oersted field (Hoe), the
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FIG. 4.6 (a) — (d) PHE curves for the FeMn(¢rermn)/Pt(3) bilayer measured at 5
mA with different transverse bias field (0 Oe, +10 Oe and -10 Oe) with (a)
tremn = 2 nm, (b) tFemn = 2.5 nm, (¢) tremn = 3 nm and (d) tremn = 5 nm; (e) — (f)
Linear fitting of AVxy (0) against AVeias = [AVxy (Hbias = 10 O€) - AVxy (Hbias =
-10 Oe)] to determine the ratio of the current-induced H: to 2Hpias With (e)
tremn = 2 nm, () tremn = 2.5 nm, (g) tremn = 3 nm and (h) tFesn = 5 nm.
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effective-field (Hrz) normalized to the current density in Pt is shown in Fig.
4.7(b). The Oersted field in the FeMn layer is calculated using 3D finite
element analysis on scaled down strips with a dimension of 20 um X 2 um. As
shown in the inset of Fig. 4.7 (b), the calculated Oersted field (Hoe) (also
normalized to the current density in Pt) in the order of 1x107 Oe (A™! cm?) is
almost independent of the FeMn thickness and is much smaller than the
measured H; for all samples. As shown in in Fig. 4.7(b), the Hrw/jp: ratio (open
square) is in the range of 2.05x1073 - 2.44x10”° Oe (A™' cm?) for FeMn/Pt
bilayers; this is nearly two orders of magnitude larger than that of the NiFe/Pt
control sample [4.01x107 Oe (A™' cm?)]. Although the physical origin of the
field-like effective field in FM/HM bilayers is still debatable, recent studies
suggest that it can be written in the following form by taking into account the
11,12

spin Hall current from the HM layer only:

h 6 1 g;
Pyl G )x s
2e M.,  cosh(d/A4,,) (@+9,) +g

He /e = (4.1)

where g, =Re[G,, oA,y coth(d / Ay, ), 0; = IM[Gyy 1p4 coth(d / 4,)

with Gmix the spin mixing conductance of FM/HM interface, p the resistivity
of HM, and Anm the spin diffusion length in HM. The spin Hall origin of the
field-like effective field is supported by several experimental studies,'131°
especially when the FM layer is thick, based on the observation that the field
directions are opposite to each other in Pt and Ta based FM/HM bilayers with
a same FM. Following this scenario, the large effective field obtained in this
study can be readily understood by substituting the relevant parameters into
Eq. (4.1). These include the moment per unit area in NiFe (Mstnire) and FeMn

(Mremntremn) and spin mixing conductance (Gwmix) at the NiFe/Pt and FeMn/Pt
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interfaces. If we assume a same Gwmix for the two types of interfaces and use
the known Ms of NiFe of 800 emu/cm?®, the resultant net magnetization of
FeMn, Mrewmn, is in the range of 10.5 — 29.3 emu/cm? with a thickness of 2 — 5
nm, as shown in Fig. 4.7(c) (open-square). Also shown in Fig. 4.7(c) (open
circle) is the average magnetization extracted from the M-H curves shown in
Fig. 4.3(b) at an applied field of 4 kOe (note: we use the magnetization at 4
kOe instead of the saturation magnetization because the maximum applied
field in electrical measurements was 4 kOe). As can be seen from the figure,
although the net magnetization from M-H loops is around 5 times larger than
that calculated from the Hr., both show very similar trend as long as FeMn
thickness dependence is concerned. The difference in absolute values is
understandable because in electrical measurements the magnetic moment that
affects HrL is mainly concentrated at the FeMn/Pt interface, whereas the VSM
measurement detects the moment of the entire film. These results suggest that
the small net moment is the determining factor that gives the large effective

field to current ratio as compared to NiFe.
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FIG. 4.7 (a) Extracted H; for FeMn(tremn)/Pt(3) bilayers with tremn = 2 — 5 nm;
(b) Hrr/jpe (open square) as a function of tremn after subtracting the Oersted
field; (c) MFemn calculated from Hrr using Eq. (4.1) (open square) and MFemn
extracted from the M-H loops at 4 kOe (open circle). Note that the data in (c¢)
is plotted in log scale for clarity. Inset of (a): a comparison of experimental
extracted Hr and calculated Hoe with tremn =2 — 5 nm.
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As shown in Fig. 4.7(b), the electrically derived Hri/jp: ratio (open
square) increases sharply with FeMn thickness below 3 nm and then decreases
slowly as tremn increases further. This is in sharp contrast with the
monotonically decreasing dependence of Hrz on FM thickness (zrv) in typical
FM/HM heterostructures.'®'® The latter is due to the fact when ##v increases,
the product of ##v and Mprm increases accordingly, leading to a I/trm
dependence of Hrr. However, in the case of FeMn/Pt bilayers, the net
magnetization Mremn decreases with fremn (> 2 nm), as confirmed by the VSM
measurement results shown in Fig. 4.7(c). This naturally leads to a peak in the
curve in Fig. 4.7(b). The peak position of Hr. agrees well with the region
where Hc is enhanced but clear exchange bias has yet to be established [see
Fig. 4.4(d)]. This suggests that the enhancement of Hr. occurs in the region
that AF order is just about to form and their spin sub-lattices can still be canted
easily by either an external or effective field. We noticed that in early
theoretical work on spin torque in AF, Hr: is treated as negligibly small.!”-!®
This is valid for rigid AF systems. It should be pointed out that our results
presented in Figs. 4.5 — 4.7 do not contradict these reports because the Hrr
indeed vanishes when the FeMn thickness is above 8 nm. At such thickness, a

rigid AF order is formed and any Hrr on the spin sub-lattices should have been

cancelled out.

4.3.3 Macro-spin model of the FeMn layer

In order to have a more quantitative understanding of the M-H loops in
Fig. 4.2(b) and PHE curves in Fig. 4.5(b) for the FeMn/Pt bilayers, we have
simulated both curves using the macro-spin model. Although the spin state of

bulk FeMn can take either a collinear or non-collinear configuration,'®?* the
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spin configuration in an ultrathin film may differ from that of the bulk,
especially when it interacts with FM or HM like Pt. In the case of FeMn/FM
bilayer, it has been observed experimentally that the spin axis of FeMn is
aligned to that of the FM layer from the interface.>*° In the case of FeMn/Pt
bilayers, the situation can be more complicated due to the strong spin-orbit
interaction of Pt. Determination of the exact spin configuration is beyond the
scope of this work which certainly deserves further investigations. However,
in order to simplify the problem yet without compromising the underlying
physics, we treat ultrathin FeMn layer as being consisting of two collinear spin
sub-lattices with unequal saturation magnetizations M;. As we will show in
this section, the good agreement between experimental and simulation results
supports the collinear model. Under this assumption, the M-H loops and PHE
curves of FeMn/Pt bilayers shown previously can be simulated through energy
minimization. Based on the coordinate notation in Fig. 4.8(a), the free energy

density E of a specific grain in the FeMn layer can be written as:¢

E =J|M,||M,|cos(6,-6,)-H Ul\ﬁl‘cos(q)—é?l)+‘M2‘COS(¢)—6’2)] “2)
+K, (sin? g, +sin? 6,)

where J is the sub-lattice exchange coupling constant, |M,| and |M,| are the
magnitude of M, and M,, respectively, 61 and 62 are the angles of M, and

M, with respect to y-direction, respectively, ¢ is the angle between y-direction

and H, and Ky is the uniaxial anisotropy constant. Eq. (4.2) can be solved
numerically to find the steady-state values for 61 and &2, which in turn can be

used to calculate the M-H curve. To facilitate the discussion, we introduce the

following parameters: N =|M,|/|M,|, H,=K,/|M,| and H, =J|M,|. It
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should be noted that Eq. (4.2) applies to a single grain with a specific
anisotropy axis and exchange coupling strength. Considering the
polycrystalline nature of the sample, ideally one should simulate the average
M-H curve by taking into account the finite distribution of anisotropy axes and
exchange field. We first start the simulation with the exchange field fixed and
only a uniform distribution of the anisotropy axes is taken into consideration.

As shown in the simulated M-H loops in Fig. 4.8(b), it is found that the
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FIG. 4.8 (a) Illustration of the FeMn spin sublattice configuration, external
field and current-induced Hrz; (b) Simulated M-H loop at fixed Hex without
anisotropy axes distribution (solid line) and with anisotropy axes distribution
(dashed line); (c) M-H loop fitting using the macro-spin model for
FeMn(3)/Pt(3); (d) Simulated PHE curves with different Hrz values (0 Oe, 150
Oe and 300 Oe). Inset of (b): Zoom in of the simulated M-H loop at 3 kOe for
clarity. Inset of (d): Simulated PHE curves at Hr. = 300 Oe with the external
field applied in x - and y - direction, respectively.

calculated curve with a fixed anisotropy axis at 0° (solid line) is very similar to

the one that is obtained by assuming that the anisotropy axes is distributed
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from 0° — 90° at a step of 10° and then taking an average of the calculated
curves at different angles (dashed line). Only a small difference exists at low
field region [see the zoom-in plot in the inset of Fig. 4.8(b)]. This is due to the
fact that Ky in ultra-thin FeMn is small, and its effect on steady-state
magnetization direction is overtaken by the current-induced effective field.
Therefore, for simplicity, in the subsequent simulations we assumed that the
uniaxial anisotropy is along y-axis for all the grains.

To account for the variation of exchange field among different grains, a

log-normal distribution was adopted for the exchange field (Hex) distribution:

2
UnHo =41 With 4 = 10g(5000), and & = 0.5

1
f(H,)= exp[—
( ex) llex ,_2 p[ 2 2

when Hex is in unit of Oe. This is justifiable assumption based on the following
two aspects: i) the grain size of sputtered polycrystalline films typically
follows the lognormal distribution?’; ii) the AF order is found to enhance with
the increase of grain size.?® In this way, the averaged M-H curve was obtained
by assuming Hex in the range of 1 — 19 kOe with a discrete step of 2 kOe. As
can be seen from Fig. 4.8(c), a reasonably good agreement is obtained
between the simulated (solid line) and experimental M-H curves for the tresn =
3 nm sample by assuming N = 1.2, Hs = 50 Oe, and My = 115.83 emu cm™.
This agreement affirms the above explanation that the net magnetization
observed is due to the canting of the spin sub-lattices.

Next, we proceed to account for the spin current in the sample by

introducing in Eq. (4.2) an additional Zeeman energy terms arising from Hri,

ie. —HFL(‘I\7I1‘0056?1 +‘|\7I2‘COSHZ) . Similarly, 6; and 6: are determined

numerically at different Hrz values which in turn are used to calculate the

95



normalized PHE signal at different H:
PHE =(‘l\ﬁl‘sin 291+‘M2‘sin 2492)/(‘M1‘+‘M2‘) . Fig. 4.8(d) compares the

simulated curves at different Hr. values with the field in x-direction. The
simulated curve resembles typical PHE curve for a FM and the peak position
increases with increasing Hrr, both of which agree well with experimental
PHE curves obtained at different bias currents. As shown in the inset of Fig.
4.8(d), when the field is changed to y-direction, a vanished PHE is obtained.
Therefore, the macro-spin model is able to account for the main experimental
observations in FeMn/Pt bilayers. This strongly supports our arguments that
the large field-like spin orbit torque in FeMn/Pt bilayers is caused by the
relatively small magnetic moment in the FeMn, and resultant SOT is able to
induce canting of the spin sub-lattices of the AF.

Before ending this section, we would like to comment on the validity of
the macro-spin model. Although the films are polycrystalline, we argue that
the macro-spin model is able to capture the essential physics of current-
induced SOT in FeMn/Pt bilayers. As shown in the schematic of Fig. 4.9(a),
unlike the charge current which flows in the lateral direction (i.e., x-direction),
the spin current generated from Pt flows mainly in z-direction (i.e., in the
sample normal direction). Since the FeMn thickness in the samples under
investigation (2 — 5 nm) is comparable to the grain size, we can safely assume
that the spin current is confined mostly inside a single crystal grain with
negligible influence from the grain boundaries (different from the laterally
flowing charge current). Therefore, as long as the polycrystalline film has a
well-defined texture in the thickness direction which is the case in this study;, it

would appear locally as a “quasi-single crystal” to the vertically flowing spin-
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current [see schematic in Fig. 4.9(b)]. Compared to the true single crystal case,
the only difference is that in the polycrystalline case, the SOT eftect is further
averaged over different grains due to the random distribution of crystalline
anisotropy and exchange energy, which has been taken into account in the
above discussion. Therefore, we believe the macro-spin model is appropriate

for interpretation of the experimental results observed in this work.

Js

(a) (b) .
Pt-_| & — ’/ ’,"

Pt

FeMn_

FIG. 4.9 (a) Schematic of charge current flowing in the Pt layer and spin
current flowing in the polycrystalline film (real situation); (b) Schematic of
charge current flowing in the Pt layer and spin current flowing in the single
crystal film (ideal case).

4.4 Magneto-transport results of NiFe/FeMn/Pt trilayers

4.4.1 PHE measurements of NiFe/FeMn/Pt trilayers

To further demonstrate that the spin current generated in Pt is indeed
largely absorbed by FeMn, we have fabricated NiFe(3)/FeMn(¢Femn)/Pt(3)
trilayer Hall bars and studied SOT-induced magnetization rotation in NiFe.
Fig. 4.10(a) shows the PHE curves at different bias currents (/) for the
NiFe(3)/FeMn(3)/Pt(3) sample. Similar to the results shown in Fig. 4.5(b), the
PHE signal increases prominently as / increases, indicating the presence of a
current-induced effective field Hr in y-direction. The Hall signal is much larger
than that of the FeMn/Pt bilayer in the same field range; therefore the signal
from the trilayer is dominantly from the NiFe layer. The results can be

qualitatively understood as follows. The spin current generated by the Pt layer
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travels through the FeMn spacer and induces SOT in the NiFe layer. The SOT
will then cause a rotation of the NiFe magnetization, leading to the observed
increase of PHE with the bias current. To have a more quantitative
understanding of the current dependence of PHE signal, 3D micromagnetic
modeling was performed on an NiFe element with and without a transverse
field using OOMMF.?° To shorten the computation time, in the simulation, the
sample is scaled down to a strip with a dimension of 23 pm % 2 pm X 3 nm.
The parameters used are: saturation magnetization My = 8x10° A m™,
exchange constant J = 1.3x10"" J m’!, damping constant a = 0.5, anisotropy

constant K, = 100 J m™ and unit cell size: 10 nm % 10 nm % 3 nm. A fixed bias
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FIG. 4.10 (a) PHE curves at different bias currents for the
NiFe(3)/FeMn(3)/Pt(3) trilayer; (b) Simulated PHE curves with 0 Oe, 5 Oe
and 10 Oe bias field in y-direction; (c) Normalized PHE curves at 10 mA for
the trilayer sample with FeMn thicknesses of 0 — 4 nm. Note that the curves in
(a) and (c) are vertically shifted for clarity.

field in y-direction is used to simulate the effective field induced by the

98



current. To account for the Hall measurement geometry, only the data at the
center area of 1 pm % 2 pm representing the Hall bar cross is taken into
consideration for the calculation of PHE signal. Fig. 4.10(b) shows the
simulated PHE curves at bias fields of 0 Oe, 5 Oe and 10 Oe, respectively.
Note that due to the much smaller size used in the simulation, the simulated H.
is much larger than the measured value, and therefore a large transverse bias
field of 10 Oe was used in the simulation accordingly. Except for the large H.,
the simulated curves resemble well the measured PHE curves. Fig. 4.10(c)
shows the normalized PHE curves for samples with different FeMn
thicknesses at a bias current of 10 mA. As can be seen, the signal amplitude
decreases as the thickness increases, indicating the decrease of the H at larger
FeMn thickness. When the FeMn thickness exceeds 5 nm, the signal becomes
vanishingly small, suggesting that the spin current cannot travel through the

FeMn layer beyond this thickness.

4.4.2 Quantification of SOT effective field in NiFe of the trilayers

To quantity the strength of the field-like effective field in the NiFe layer,
again we carried out the second order PHE measurements. Figs. 4.11(a) — (d)
show one set of PHE curves for NiFe(3)/FeMn(tremn)/Pt(3) with tremn = 1 nm,
2 nm, 3 nm and 4 nm, obtained at / = 10 mA, and Hpias = 0 Oe, +0.6 Oe and —
0.6 Oe, respectively. The flip of curve polarity at positive and negative bias
field suggests that H; is comparable to the applied bias field of 0.6 Oe. Figs.
4.11(e) — (h) show the linear fitting of 4Vx,(0) against 4Vsias using the data in
Figs. 4.10(a) — (d). The slope & turns out to be much smaller than that obtained

for the FeMn/Pt bilayers, as shown in Figs. 4.6(e) — (h). This in turn gives a
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FIG. 4.11 (a) — (d) PHE curves for the NiFe(3)/FeMn(trern)/Pt(3) trilayer
measured at 10 mA with different transverse bias field (0 Oe, +0.6 O¢ and -0.6
Oe) with (@) tremn = 1 nm, (b) tremn = 2 nm, () tremn = 3 nm and (d) tremn = 4
nm; (e) — (f) Linear fitting of AV, (0) against AVeias = [AVxy (Hbias = 0.6 Oe) -
AVyy (Hpbias = -0.6 Oe)] to determine the ratio of the current-induced H; to
2 Hpias with (e) tremn = 1 nm, (f) tFeMn = 2 nm, (g) tremn = 3 nm and (h) treMn = 4
nm.
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much smaller H; for the trilayer samples with tremn = 0 - 4 nm, as shown in
Fig. 4.12(a). Similar to the case of FeMn/Pt bilayers, H; for all samples scales
almost linearly with the bias current. The trem» = 0 sample corresponds to a
Ta(3)/NiFe(3)/Pt(3) trilayer. The obtained Hr value of 0.52 Oe at a bias current
of 10 mA is comparable to reported value for similar structure.!® The H; value
drops sharply with the insertion of a 1 nm FeMn, and decreases further as the
FeMn thickness increases. To quantify the current contribution directly from
the Pt layer, we have to subtract from H; two other contributions, i.e., Hoe in
the NiFe layer and Hr. from the Ta seed layer. The total Oersted field in NiFe,
Hoe, is calculated using 3D finite element analysis, and the results are shown
in the inset of Fig. 4.12(b) as a function of FeMn thickness (down triangle); it
increases with FeMn thickness due to the increase of current in the FeMn
layer. In order to estimate the contribution of current in the Ta layer to Hi, we
have fabricated a NiFe(3)/Ta(3) control sample and measured the effective
field using the same second order PHE measurement. The effective field to
current ratio obtained is Hrz(Ta)/j = 1.49%107 Oe (A™! cm?). Based on this
value, we can estimate the contribution of Ta current in the trilayers with
different FeMn thicknesses. The results are shown in the inset of Fig. 4.12(b)
in upper triangles. The value of Hri(7a) is almost constant due to the much
larger resistivity of Ta as compared to other layers. Also shown in the inset is
the FeMn thickness dependence of Hi. The net effective field is obtained as
Hrr = H-Hoe-Hri(Ta). As shown in Fig. 4.10(d), all the samples exhibit a non-
zero Hrr except for the fremn = 4 nm sample in which H; and Ho. are

comparable. As shown clearly in the inset of Fig. 4.12(b), the contribution of
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Ta layer to the effective field is negligible.

=0=0nm /U g st O H,

~10F -0O-1 = I
) A > Em /U - : Fitting
S | y3m 7 @] & sl (b)

— / D) 15
I L (m] (e} H, T~
0.5 /n' wo 0 B \E;;\';i%w

¢D NS :8 b ie.i 0 %‘

0.0 Da-ﬁ'ﬁ‘@'? 2 A X L1E T O

0O 5 10 15 20 & 1 2 3 4

I (MA) ;d t o, (NM)

FIG. 4.12 (a) Extracted H; for samples with tremn = 0 nm — 4 nm; (b)
Experimental values for H; (open square) and fitting using Eq. (4.5) (solid
line). Inset of (b): FeMn thickness dependence of H; (circle), Ho. in NiFe
(down triangle) and Hrr from Ta (upper triangle), respectively. Note that the
data in (b) are normalized to the current density in Pt.

After excluding the contribution from Ta as main source, the net Hrr
must be induced by the spin current from the Pt layer since the spin Hall angle
of FeMn is very small.>*3! Considering the fact that the Pt layer has a same

thickness in all the samples, it is plausible to assume that the spin Hall angle

and thickness scaling factor [1-1/cosh(d / 4,,,)] of Pt are the same among the

different samples. We further assume that the moment per unit area of NiFe
(Mstnire) 1s also a constant. Therefore, the decrease in effective field in the
NiFe layer can only come from two sources: (i) relaxation of spin current in
FeMn, and (ii) reduced spin mixing conductance (Gumix) at the FeMn/Pt and
NiFe/FeMn interfaces as compared to the single NiFe/Pt interface. Earlier
reports’®32 found that spin transport in FM/normal metal (NM)/FeMn
structures is mainly dependent on the FM/NM interface and the spin relaxation
inside FeMn. Therefore, rather than a dramatic modification of Gwmix at the

interfaces with the presence of the FeMn layer, the absorption of spin current
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by FeMn is more likely the major cause for decreased spin current entering
NiFe. This spin absorption explanation is also consistent with the large Hrr

observed in FeMn/Pt bilayers.

4.4.3 Spin transport in NiFe/FeMn/Pt trilayer

The spin current in the NiFe layer induced by Pt in the NiFe/FeMn/Pt
trilayer can be modeled using the drift-diffusion model. Due to the relatively
large size of the Hall bar sample in the xy plane, the spin current can be treated
as non-equilibrium spins flowing in z-direction with polarization in y-
direction. Therefore, the spatial distribution of spin current in NiFe/FeMn can

be written as:

: 1 0Aw(2)

Z)=—————7 4.3

W@ 2ep, 01 (43)
where i = 1 refers to FeMn, i = 2 denotes NiFe, Aui and ji are the net spin

accumulation and spin current density in layer i, respectively, and pi is
resistivity of layer i. The spin accumulation satisfies the following diffusion

equation:33

O°Au (2) _ Au;(2)
az 2 ﬂ’l 2

(4.4)
where Ji is the spin diffusion length of layer i. The general solution for Agi is
A1 (z) = Aexp(z/ A)+B, exp(-z/ ). To obtain specific solutions, we need
to set up proper boundary conditions. As discussed above, the effect of Ta
layer is negligible. In order to obtain a simple analytical solution, we assume

that the spin current is zero at the NiFe/Ta interface. Based on this assumption,

we adopted the following boundary conditions: j,(0)=j, , J,(t,)=0,

J () =],(t) and Az (t) =Aw, (L), where t1 is the thicknesses of the FeMn
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(tremn), t2 is the sum of the thickness of FeMn and NiFe layer (tremn+ tnire),
and jo is the spin current generated by Pt entering FeMn. Substituting the
boundary conditions into Eq. (4.3) and (4.4), the spin current density at the

interface entering NiFe can be derived as:

24,0, AL~ B?)

j(tl)/ jo = 2 2 2 2
Ap (1+A%)1-B")+4,p,(1- A")(1+B%)

(4.5)

where A=exp(t.,,/4), B =exp(ty./4,) . Comparing it with Eq. (4.1), we can
see that the spin absorption in FeMn layer gives an additional scaling factor
for spin current to be delivered to the NiFe layer. In the extreme case when

tnire approaches infinite, i.e., B —oo, Eq. (4.5) is reduced to j(t)/ j, =1/ A,
if 4o, = 4,p,, which is the exponential decay formula used in Ref. [32,34,35]

to obtain the spin diffusion length in AFs. On the other hand, if t1 = O,

1t)/ J, =1, which means that the spin-current generated by Pt will enter

NiFe directly without absorption in the FeMn layer. In our sample, since the
NiFe thickness is comparable to that of FeMn, the effect of NiFe can no longer
be ignored. Note that the difference in Gmix of NiFe/Pt and FeMn/Pt interfaces
is ignored for simplicity and we also assume that Gmix is independent of FeMn
thicknesses. Although Gmix may be thickness dependent (i.e. jo is dependent
on tremn), in the above derivation we mainly focus on the spin current decay in
FeMn and consider jo as a constant. By scaling the HrL obtained in NiFe layer
using the resistivity of the films obtained above and the spin diffusion length
of NiFe (2= 3 nm),% as shown in Fig. 4.12(b), the spin diffusion length of
FeMn (1) is obtained as 2 nm. This value is comparable to earlier reports of
1.9 nm (Ref. [32]) and 1.8 0.5 nm (Ref. [30]). The short spin diffusion

length is consistent with the previous understanding of AF as a good “spin
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sink”.3"3 The effective absorption of spin current by FeMn is consistent with
the large SOT effect observed in FeMn/Pt bilayers. Although the spin
configuration of FeMn in the bilayer sample may be different from that of the
trilayer sample due to the insertion of the NiFe seed layer in the latter, we
foresee that the difference, if any, is only qualitative; it will not affect the
results and conclusion drawn in this section in a fundamental way.

The difference in FeMn thickness dependence of Hrr between the
bilayer case [Fig. 4.7(b)] and trilayer [Fig. 4.12(b)] case can be understood as
follows. As we discussed in Section 4.4, the Hrr in FeMn/Pt bilayer is mainly
determined by the thickness dependence of the magnetic moment in FeMn
(MFemntremn) [see Fig. 4.7(c)]. On the other hand, for the NiFe/FeMn/Pt trilayer
case, Hrr 1s for the NiFe layer (the signal from FeMn is masked out by that of
NiFe due to its much smaller magnetization), and thus it is a measure of spin
current that travels across the FeMn layer and eventually enters the NiFe layer.

As can be seen from Eq. (4.5), the spin current traveling in FeMn further

24,p, AL~ B?)
Jop (LHAT) (1= B )+ 2, p, (1 AT)(L+ B?)

decays by a factor of upon reaching

the NiFe/FeMn interface. This decay gives the overall decay of spin current
upon reaching the NiFe/FeMn interface. This spin current is further converted
to Hrr in NiFe through the magnetic moment (Mniretnire). Since the NiFe
thickness is fixed among the samples, the FeMn thickness dependence of Hr.
in NiFe of the trilayers should be the same as that of the spin current reaching
the NiFe/FeMn interface. This explains why the Hr. in NiFe decreases

monotonically with the FeMn thickness, which is different from that in FeMn.
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4.5 Summary

Clear FM-like PHE signals were observed in FeMn/Pt bilayers with the
FeMn thicknesses ranging from 2 - 5 nm. Magnetometry measurements of
coupon films suggest that the FM-like behavior originates from canting of spin
sub-lattices in the FeMn layer. Using the second order PHE measurement
method,”!? a field-like effective field to current ratio in the range of 2.05x107
- 2.44x10° Oe (A' cm?) was extracted, which is nearly two orders of
magnitude larger than the typical value of 4.01x107 Oe (A™! cm?) for NiFe/Pt
bilayers. Fig. 4.13 summarizes the Hrr values obtained in this work and other
in-plane anisotropy FMs. The significantly large effective field value is
understood as a result of much smaller net moments from canting of the

uncompensated spins in the AF as compared to its FM counterpart.
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FIG. 4.13 Comparison of the Hrr values obtained in FeMn with that obtained
in FMs with in-plane anisotropy.

Further investigations on NiFe/FeMn/Pt trilayers using the same PHE
measurements confirm that the spin current generated by Pt is largely absorbed
by FeMn and it can only travel through FeMn with a thickness of 1 - 4 nm. A
spin diffusion length of around 2 nm in FeMn is obtained by quantifying the

field-like effective field induced in NiFe, which is comparable to the ST-
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FMR?*? and spin pumping®® measurements. Our results suggest that in ultra-
thin polycrystalline AFs, due to the relatively small exchange field between
spin sub-lattices, the spin current can interact with AF, causing reorientation of
the spin sub-lattices, in a similar way as it does with the FM.

Before we conclude, it is worth pointing out that the FeMn investigated
in this work has a polycrystalline structure, and due to the ultra-thin thickness,
the AF order may not be well defined as that in the bulk material. We foresee
this as the main challenge in investigating and exploiting SOT effect in AF
materials, i.e., SOT is more prominent in ultra-thin layers, but most AF
requires a finite thickness to develop a stable AF order at room temperature.
To overcome this difficulty, it is necessary to development AF materials which
allow effective generation of non-equilibrium spins in the bulk. One of the
possible candidates is AF with bulk inversion asymmetry and strong spin orbit

interaction.'”
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Chapter 5 Thickness Dependence of Spin Hall

Magnetoresistance in FeMn/Pt Bilayers

In the last chapter, we investigated the spin current interaction with
FeMn sub-lattices mainly by quantification of the SOT effect in FeMn/Pt
bilayers. Following the spin Hall effect argument, the observations can be
reasonably explained by the macro-spin model. However, questions remain as
to whether the simplified macro-spin treatment can fully account for the
complicated spin configuration of FeMn, especially when it is in the form of
ultra-thin film. In order to address this concern, we attempted to estimate the
SOT strength from SMR, a complementary effect to SOT. Both effects arise
from the spin current in Pt: the SOT is resulted from absorption of spin current
by the FM, while the SMR is from the reflected spin current back to the HM.
If this is also the case with FeMn/Pt, we may use the SMR to estimate the
SOT strength in FeMn/Pt bilayers. To this end, in this chapter, we
systematically analyze the strength of SMR in FeMn/Pt bilayers with different
thicknesses, from which the SOT strength is extracted. The obtained values are
consistent with the SOT effective field values extracted from the PHE

measurements described in Chapter 4.

5.1 Sample structure

Two series of FeMn/Pt bilayer samples in the form of Hall bars were
prepared on SiO2(300 nm)/Si substrates (starting from the FeMn layer) using
combined techniques of sputtering and photolithography. The two series of
samples have the structure of (i) FeMn(tremn)/Pt(3) and (ii) FeMn(3)/Pt(¢p)

(number inside the parentheses indicates the thickness in nm). The thicknesses
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of FeMn (tremn) and Pt (¢p) were varied in the range of 0.5 — 15 nm and 1 — 15
nm, respectively. In addition, we also fabricated a series of NiFe(znire)/Pt(3)
control samples with tvire = 0.5 — 15 nm for comparison purpose. The detailed
conditions of deposition using sputtering and photolithography using laser

wrtier are listed in Chapter 3.

5.2 Experimental results

5.2.1 Field dependent MR (FDMR) measurements
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FIG. 5.1 (a) Schematic of field dependent MR measurement; Field-dependent
MR for FeMn(¢remn)/Pt bilayers with (b) tremn = 0.5 nmy; (¢) tremn = 1 nm; (d)
tFeMn =2 nm; (e) tFeMn =3 nm; (f) tFeMn = 5 N, (g) tFeMn = 8 nm; (h) tremn = 10
nm; (1) tremn = 15 nm.

As illustrated in Fig. 5.1(a), in the first round of measurements,
conventional field-dependent MR measurements were performed on series (i)
samples with tremn = 0.5 — 15 nm with the sweeping magnetic field H applied
in x-, y-, z- direction, respectively. Figs. 5.1(b) — (i) show the typical field-

dependent MR results for samples with tremn = 0.5 Nnm, 1 nm, 2 nm, 3 nm, 5

nm, 8 nm and 15 nm, respectively. The general observations are (i) the MRs in
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x- and z-directions have the same polarity and are much larger than the MR in
y-direction, and (ii) the MR in z-direction cannot be explained by the
conventional anisotropic MR behavior,*? which should give a negative MR in
z-direction when the current is applied in x-direction. From the exchange bias
study of FeMn/NiFe bilayers,® it was found that FeMn starts to show the onset
of clear exchange bias only at a thickness around 4 - 5 nm. At tremn = 0.5 Nm,
the FeMn can be considered as a superpara-antiferromagnet at room
temperature when it is standalone; however, when contacted with Pt, it
behaves more like a FM due to interaction with Pt. When tremn increases to 5
nm, weak AF order appears as reflected in the enhancement of coercivity (Hc)
in FeMn/NiFe bilayers. Therefore, in both the tremn = 0.5 - 5 nm samples [Figs.
5.1(b) — ()], there is significant amount of uncompensated spins in the FeMn
layer and their spin sub-lattices can be rotated easily by the external field. The
saturation of exchange bias was found at tremn > 8 nm. In this sense, when
tremn increases further to 8 - 15 nm, the AF order becomes more rigid and is
difficult to be rotated by the external field. In this case, it is the
uncompensated spins at the interface that are responsible for the MR observed
in Figs. 5.1(g) — (i).

On the other hand, the MR behavior of FeMn/Pt is found to be insensitive
to the change in Pt thickness at a fixed FeMn thickness, except for an
increased current shunting effect by thick Pt layer. Shown in Fig. 5.2(a) is an
example of the MR curve of FeMn(3)/Pt(15) sample. As can be seen, the
shape of MR is similar to that of FeMn(3)/Pt(3) sample [see Fig. 5.1(e)].
These observations are consistent with the magnetometer measurements of

coupon films with different FeMn thicknesses presented in the last chapter.
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Based on these considerations and the strong dependence of both the
magnitude and curve shape of MR on tremn, it is apparent that the MR
observed in the FeMn/Pt samples is closely related to the spin configuration of
FeMn. The same polarity of MR in x- and z-directions suggests that the MR
observed is of SMR origin. Although the so-called Hanle effect MR induced
in the Pt layer itself also has the same polarity,* its size on the order of 10, as
verified by a Pt(3)/SiO2/Si control sample [see Fig. 5.2(b)], is too small to

account for the MR observed in FeMn/Pt bilayers.
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FIG. 5.2 (a) Field-dependent MR for FeMn(3)/Pt(15) bilayers; (b) Field-
dependent MR for control sample of Pt(3) on SiO2/Si.

5.2.2 Angle dependent MR (ADMR) measurements

In order to extract the SMR contribution from the overall MR, ADMR
measurements were performed on these bilayers. As illustrated in Fig. 5.3(a),
the longitudinal resistance of the sample was measured while rotating a

constant field H in zy, zx, and xy planes, respectively. The SMR ratio is

where R; and R’ are

XX !

calculated from the relation AR/R,, =(R; —R’)/R}

the longitudinal resistance when the magnetization is saturated in z- and y-
direction, respectively. Fig. 5.3(b) shows the ADMR curves for FeMn(3)/Pt(3)

measured with a constant field of 30 kOe, which are representative of FeMn/Pt
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bilayers with different thickness combinations. From Fig. 5.1(e), it can be seen

that 30 kOe is large enough to saturate the magnetization of the bilayers in the
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FIG. 5.3 (a) Schematics for ADMR measurement with the applied field
rotating in zy, zx, and xy planes, respectively; (b) ADMR results for
FeMn(3)/Pt(3) bilayer; (c) ADMR results for FeMn(10)/Pt(3) bilayer; (d)
ADMR results for NiFe(3)/Pt(3) bilayer; (¢) ADMR results for NiFe(15)/Pt(3)
bilayer. The results of (b) - (e) are obtained with an applied field of 30 kOe.

field direction. The general features of the ADMR curves can be summarized
as follows: (i) the #:x-dependence of MR is vanishingly small; (ii) 6z- and Oxy-

dependences of MR are much stronger than that on 6 and the two curves

almost overlap with each other. The vanishing dx-dependence of MR indicates
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that the conventional anisotropic magnetoresistance (AMR) is negligibly small
in FeMn/Pt bilayers (note that the SMR should be zero in this measurement
configuration). This in combination with the almost overlapping 6.~ and 6y-
dependence of MR again demonstrates clearly that the MR in FeMn/Pt is
dominated by SMR. The SMR ratio, on the order of 107, is one order of
magnitude larger than that of the SrMnQ3/Pt system.®

The SMR dominating and AMR vanishing feature of the MR effect in
FeMn/Pt bilayers is also observed in thick FeMn thickness as shown in Fig.
5.3(c) of a sample with FeMn(10)/Pt(3). The difference with the thinner FeMn
sample is the reduced SMR ratio in the thicker sample here. In comparison,
Fig. 5.3(d) and (e) show the ADMR results of NiFe(3)/Pt(3) and NiFe(15)/Pt(3)
bilayers measured in the same configurations for comparison, respectively. As
is clear, one of the main difference as compare to FeMn/Pt is that the AMR
(6x-dependence of MR) is much larger in this case, which causes a clear
separation between the 6x- and 6-dependence of MR curves. It is apparent
that the sum of MR measured with the field rotating in the zx and zy plane is
equal to that measured when the field rotates in the xy plane. Another sharp
difference is that as the NiFe thickness increases, the AMR contribution
increases and SMR contribution decreases until the latter finally vanishes and
AMR becomes dominating [see Fig. 5.3(e)]. This is not the case with FeMn/Pt
in which SMR is always dominating over the entire thickness we investigated.
Despite these apparent differences, it is also worth noting that the magnitudes
of SMR in both systems are of similar order, and decreases as the FeMn or

NiFe thicknesses increases.
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5.2.3 Pt-thickness dependence of SMR

To gain a more quantitative understanding of the SMR effect in FeMn/Pt
bilayers, we investigated the thickness dependence of the effect for each layer.
Fig. 5.4(a) shows the 6;-dependence of MR for the FeMn(3)/Pt(trt) series of
samples with trt = 1 nm, 2 nm, 5 nm, 8 nm and 15 nm, respectively. As
summarized in Fig. 5.4(b), the SMR ratio shows a non-monotonic dependence
on the Pt thickness; it increases initially at small thicknesses, peaks at about 3
nm, and then decreases between 3 — 15 nm. The tri-dependence of SMR is
similar to those observed in CoFeB-based FM/HM bilayers.®® When dealing
with metallic FM/HM bilayers, one has to take into account both the charge
current shunting effect® and the longitudinal spin current that travels into the
metallic FM layer.%® Following the drift-diffusion formalism, Kim et al. have

derived an expression for SMR in FM/HM bilayers:®

AR _, , A tanh®(dy /24,) g,
R, ., 1+& 1+g, coth(d,, /24,)

XX

(5.1)
_ 9e ]
1+ g, coth(d, /24,)

(L-P.") oy Ay
P/ coth(d: 1 A2)

with g, = py Ay Re[G,,x ], and g, = . Here, pn (pF), AN (2F)

and dn, (dr) are the resistivity, spin diffusion length and thickness of HM (FM),
respectively, Re[Gwmix] the real part of the spin mixing conductance, Pc the
current spin polarization of FM. &= p,d. / p:d, is introduced to take into
account the current shunting effect by FM. The imaginary part of the spin
mixing conductance Im[Gwmix] is ignored due to its small magnitude as
compared to the real one. For the case of insulating FM/HM system, since

&=0and gr = 0 (p > ), the SMR is only determined by the first term
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inside the square bracket of Eq. (5.1).1° The second term is included to account
for the longitudinal spin current traveling inside the FM driven by the spin
accumulation at the FM/HM interface. Compared with the FM insulator case,
the largest correction of SMR happens when Pc approaches 0. In this case, the
FM layer is essentially a non-magnetic metal (NM); therefore, the SMR
diminishes except for the very small Hanle MR.* On the other hand, when Pc
approaches unity, the FM becomes a half-metal. In this case, the spin current
cannot flow vertically in the FM layer due to lack of minority spin carriers and
thus there will be no additional correction to SMR except for the current
shunting effect. The situation is more complex in FeMn/Pt bilayers, in
particular when FeMn is thin. In this case, the FeMn is neither a good AF nor
an FM; its spin structure depends strongly on the thickness. Considering the
much smaller spin Hall angle!'? and larger resistivity of FeMn as compared
to Pt, the spin current generated in FeMn can be neglected. The SMR of
FeMn/Pt bilayers is dominantly due to the spin current in Pt. Therefore,
without losing generality, we may still use Eq. (5.1) to model the SMR
dependence on FeMn thickness, but we have to introduce a thickness-
dependent polarization for FeMn. This is a reasonable approach because when
tremn is large, a rigid AF order will form which results in diminishing
polarization. On the other hand, when tremn is small (e.g., tremn = 3 nm), the net
magnetic moment induced by an external field shall lead to a non-zero Pc
value. Based on these considerations, we first analyze the te:-dependence of
SMR with a constant Pc value and then discuss the tremn-dependence by taking
into account the thickness dependence of polarization, which can be inferred

from the magnetization data.
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FIG. 5.4 (a) 6:;-dependence of MR for FeMn(3)/Pt(¢r:) bilayers with tp; =
nm, 2 nm, 5 nm, 8 nm and 15 nm, respectively; (b) Pt thickness dependence of
SMR ratio for FeMn(3)/Pt(zp:) bilayers (open circle) and fitting results using

Eq. (5.1) (solid line).

As shown in Fig. 5.4(b), the te--dependence of SMR can be fitted
reasonably well using Eq. (5.1) (solid line) with fitting parameters: Pc = 0.37,
Ost = 0.2, Apt = 1.1 nm, Aremn = 2.0 nm and Re[Gwmix] = 5.5 <10 Q1 m2
Note that the Pc value used here is obtained from the tremn-dependence of
magnetization which will be discussed shortly. It should also be noted that it is
not possible to obtain #su and Re[Gmix] independently based only on SMR
results since the value used for one would affect the other. Therefore, during
the fitting, we set 6su = 0.2 and treat Re[Gmix] as a fitting parameter. This is a
reasonable assumption considering the fact that the intrinsic spin Hall angle
for Pt is reported to be in the range of 0.15 - 0.3.1*1° As can be seen from Fig.
5.4(b), the fitting agrees quite well with the experiment data. And the fitting
values for Zpt and Aremn are comparable with the reported values for Pt!6-18 and

FeMn,>1118 respectively. The results indicate that the drift-diffusion model can

satisfactorily describe the spin current generation and transport in FeMn/Pt

bilayers at a fixed FeMn thickness.
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FIG. 5.5 (a) 6.-dependence of MR for FeMn(15)/Pt(¢p/) bilayers with tp = 1
nm, 2 nm, 5 nm, § nm and 15 nm, respectively; (b) Pt thickness dependence of
SMR ratio for FeMn(15)/Pt(¢r:) bilayers (open circle) and fitting results using
Eq. (5.1) (solid line).

It should be noted that the above series of samples with tremn = 3 NmM
correspond to poor AF order regime, i.e. the exchange field of sub-lattices is
weak and they can be rotated at moderate external field. To further examine
the validity of the treatment using Eq. (5.1), we performed the same ADMR
measurement on another series of samples with tremn = 15 nm (good AF
regime) and varying Pt thicknesses. Fig. 5.5(a) shows the #.-dependence of
MR for the FeMn(15)/Pt(trt) series of samples with different Pt thicknesses.
Again as summarized in Fig. 5.5(b) (open circle), the SMR ratio also shows a
non-monotonic dependence on the Pt thickness with a peak at about 3 nm.
Similarly, a reasonably good fitting can be obtained using Eq. 5.1 [solid line in
Fig. 5.5(b)]. Table 5.1 compares the fitting parameters obtained from the two
series of sample, and also those values reported early in SrMnQOas/Pt bilayers.®
As can be seen from the table, the values obtained in the two series of
FeMn/Pt samples are similar to each other (within 15% difference), except for

a different spin polarization value (which will be discussed shortly). It should

be noted that in this case of tremvn = 15 nm, the Pc value used here is
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approaching zero, which is consistent with the fact that the AF order is much
more rigid at this thickness. In addition, as is explained above, the slight
difference of our values with those extracted from SrMnO3/Pt° can be account

for by the fact that 6, and Re[G,,, ] are not fully independent. In other words,

MIX
if one is set at a lower value, a higher value is needed for the other one. All
these observations affirm the validity of applying Eg. (5.1) in the FeMn/Pt
bilayer.

TABLE 5.1 Summary of the optimized fitting parameters used for the two
series of samples with tremn = 3 Nnm and 15 nm, respectively. The spin Hall

angle and spin mixing conductance reported early in SrMnQOzs/Pt are also
included.

Re[G,, ]
tFeMn (nm) PC 05H /1Pt (nm) j'FeMn (nm) -1 M-IZX
(Q m)
3 0.37 0.2 1.1 2.0 55410
15 0.02 0.2 1.0 2.0 4.8x10"
SrMnOs | NA 0.11 NA NA 1.34x10"

5.2.4 FeMn-thickness dependence of SMR

We now turn to the tremn-dependence of SMR in the bilayers. Fig. 5.6(a)
shows the 6-dependence of MR for FeMn(tremn)/Pt(3) bilayers with tremn =
0.5 nm, 2 nm, 5 nm, 8 nm, and 15 nm, respectively. For comparison, we also
show in Fig. 5.6(b) the #,-dependence of MR for NiFe(tnire)/Pt(3) control
samples with tnire = 0.5 nm, 2 nm, 5 nm, 8 nm, and 15 nm, respectively. Both
series of samples exhibit clear SMR behavior with its magnitude depending on
the FeMn or NiFe thickness. It is worth noting that the maximum SMR ratios
of the two series of samples are almost the same (2.54 x 1073 for FeMn/Pt and

2.49 %1073 for NiFe/Pt). The detailed tnire and tremn dependences of SMR are
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shown in Fig. 5.6(c) and Fig. 5.6(d), respectively. Similar to the Pt thickness
dependence shown in Fig. 5.4(b) and Fig. 5.5(b), a non-monotonic dependence
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FIG. 5.6 (a) #;-dependence of MR for FeMn(¢remn)/Pt(3) bilayers with trern =
0.5 nm, 2 nm, 5 nm, 8 nm and 15 nm, respectively; (b) 8--dependence of MR

for NiFe(znire)/Pt(3) bilayers with tvire = 0.5 nm, 2 nm, 5 nm, 8§ nm and 15 nm,
respectively; (¢) NiFe thickness dependence of SMR ratio for NiFe(znire)/Pt(3)
bilayers (open diamond) and fitting results using Eq. (5.1) (solid line); (d)
FeMn thickness dependence of SMR ratio for FeMn(tremn)/Pt(3) bilayers
(open square) and fitting results using Eq. (5.1) (solid line) with fixed Pc = 0.
Using Eq. (5.1), the tnire-dependence of SMR at large tnire can be well
reproduced [solid line in Fig. 5.6(c)] with Pc = 0.4, sn = 0.2, 2t = 1.1 nm,
JniFe = 4.0 nm and Re[Gmix] = 1.2 x10%° Q*cm™. The Pc and Anire values are

from literature. 292! The deviation at tnire < 3 nm can also be attributed to the

roughness and surface effect which has not been taken into account in Eq.
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(5.1). On the contrary, despite the fact that both the tr--dependence and tnire-
dependence of SMR can be explained reasonably well using Eq. (5.1) [Fig.
5.4(b), Fig. 5.5(b) and Fig. 5.6(c)], the same equation is unable to fit the tremn-
dependence if we use a fixed Pc value. As can be seen, the fitting in Fig. 5.6(d)
(solid line) with a fixed Pc = 0 shows a large deviation with the experimental
values (open square).

As mentioned above, to account for tremn-dependence, it is necessary to
use a tremn-dependent Pc value for FeMn. It is noticed that in metallic FMs,
the tunneling spin polarization (Pr) is approximately linear to the

magnetization, i.e., P. o« M_.?#2® As a first approximation, we assume that the

same relation also holds for current spin polarization (Pc) used in Eq. (5.1)
and net magnetization in thin AF layers. This is supported by the fact that: i)
Pc determined by point-contact Andreev reflection spectroscopy is similar to
Pt determined by the superconductor tunneling spectroscopy for many
transition metallic FMs;?* ii) sizable net moment can be induced in FeMn by
an external field (30 kOe in the SMR measurement). In this sense, we may
correlate Pc with the net magnetization Ms of FeMn obtained by
magnetometry measurements. Fig. 5.7(a) shows the thickness dependence of
Ms for FeMn at H = 30 kOe extracted from the M-H loops of coupon films
with the same thickness combination as the Hall bar samples.® As can be seen,
the non-monotonic tremn-dependence of Ms resembles that of SMR [open
square in Fig. 5.7(b)] with a peak at round 2 nm, which suggests that the tremn-
dependence of SMR is closely related to the spin structure of FeMn. More
quantitatively, we introduce a phenomenological expression for the current

spin polarization P (t..,,) =M (t.,), Where « is a fitting parameter and
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M (t-\,) 1S the measured magnetization at different thicknesses. Using the

parameters (6sH, Re[Gmix], Apt, Aremn) Obtained from the fitting of Fig. 5.4(b)

and M(t.,,) in Fig. 5.7(a), as shown in Fig. 5.7(b), the tremn-dependence can

be reproduced well (solid line) with a constant « value of 3.1<10 emu™ cm?,
especially at trevn > 2 nm. The deviation at small tremn below 2 nm may be
caused by the roughness and surface effect. It is worth emphasizing again that
the curve cannot be fitted at all if we use a constant Pc value. This suggests
that the tremn-dependence of SMR is mainly determined by the tremn-
dependence of net magnetization in FeMn induced by an external field.
Similar thickness dependence has also been observed in the investigation of
spin orbit torque effective field in FeMn/Pt bilayers.® These results imply that
the SMR is not just an interface effect. The presence of magnetic moment in
the layer adjacent to the heavy metal is crucial to obtain a large SMR. It also
explains why the SMR is closely related to the spin orbit torque effect in

FM/HM and AF/HM bilayers.
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FIG. 5.7. (a) Ms at H = 30 kOe as a function of FeMn thickness; (b) Fitting of
FeMn thickness dependence of SMR ratio with the consideration of thickness
dependent Pc [open square: experimental data, solid line: fitting results using

Eq. (5.1)].
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Although Fig. 5.6(c) and Fig. 5.7(b) are able to reproduce the descending
trend of the experimental results above a certain thickness of 2 — 3 nm, both
fails at the small thickness range. As briefly mentioned, one of the possibilities
is that the spin mixing conductance Re[Gwmix] shall be dependent on FM or
AFM thickness as well. Recently, Manchon worked out a model for SMR in
AFM/HM bilayer,? which applies to the collinear AFM with well defined

Neel order n=m, —m,, where m , m, are the unit vector of the two spin

sublattices, respectively. In general, similar to the case of FM/HM, the
absorption/reflection of spin current depends on the angle between the spin
polarization and the Neel order vector n, and thus leads to the modulation of

the resistance in HM. The SMR equation is express as:?°

2
AR ANO . d
—= NN QSHZ[l—cosh l—NJ
R dyoy +due0ue N

% (7/||77|| - 7L77L) (5.2)
@+ ! tanh™ d—'\‘)(1+ y.n, tanh™ d—"‘)
A Ay
where
d

Uy =1+ (r||,¢5\|/lF /Zn/l':)tanh(ﬁ (5.3)

|, L

4, d
N = (ﬂTI,ALFo-N I 2y o]ff)tanh H(=AE (5.4)

L

with A5 =DM rf" A :\/DfF /(17§ +1/7,") . Here, the subscript

|| (L) refers to the situation when the spin polarization aligns parallel
(transverse) to the Neel order parameter, D the electron diffusion coefficient
in AF, 72" the conventional isotropic spin relaxation time, er the spin
dephasing time that relaxes only the spin component that is transverse to the

Neel order parameter, r the interfacial resistivity. As can be seen from the

equation, in this model, the absorption of the transverse spin current at the
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interface (A/7) is separated from that of the longitudinal spin current in AF

(ﬂﬂAF ). Moreover, as can be identified, the effective spin mixing conductance

Re[G,,x 1= %afF tanh(j%) I 2% is dependent on the AF thickness, which is

il
a major difference as compared to the model discussed above.®® If we further
proceed to use this model for calculation, as shown in Fig. 5.8, both the
experimental Pt and FeMn thickness dependence of SMR can be reasonably
fitted, respectively. As summarized in Table 5.2, the parameters used are

within the reasonable range for both materials. To facilitate the calculation, we

used a spin polarization independent D =4x10™* m? s, r =3x107"° Q m?,
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FIG. 5.8 Calculated Pt thickness dependence of SMR in (a) FeMn(3)/Pt, (b)

FeMn(15)/Pt, and calculated FeMn thickness dependence of SMR in (c)
FeMn/Pt(3) using Eq. (5.2).

Despite the successful reproduction of the experimental results, it should
be noted that the spin configuration of FeMn is more complex than the two
collinear sublattice used in the model. Moreover, at small thickness with poor
sublattice exchange field, FeMn is not a rigid AFM, but rather an
uncompensated AFM with sublattices that can be canted under a moderate
magnetic field. On one hand, the canting of the sublattices and the respective
direction of n shall affect the mount of the absorption/reflection of the spin
current at the interface. On the other hand, the net moment in FeMn and its

direction shall also modulate the absorption/reflection of the spin current.
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Therefore, it is believed that the situation of SMR in FeMn/Pt is in between

the two discussed models here, i.e. with both FeMn thickness dependent

Re[Gwmix] and Pc.

TABLE 5.2 Summary of the optimized fitting parameters used for the Pt and
FeMn thickness dependence of SMR, respectively.

Structure Ay AT At Osyy i o

(hm) | (nm) | (nm) (s) (s)
FeMn(3)/Pt(te) | 1.0 | 400 |1.63 | 027 | 4.0x1014 | 8.0x10°15
FeMn(15)/Pt(tr) | 1.0 | 400 | 175 | 025 | 4.0x1074 | 9.5x10715
FeMn(tran)Pt3) | 1.1 | 424 | 177|030 | 4.5%104 | 9.5x10°15

5.2.5 Correlation of SMR with SOT

Finally, we try to correlate the observed SMR effect with the SOT effect
since both of them originate from SHE generated spin current and the
interaction of the spin current with FeMn sub-lattices. As shown in Fig. 5.9(a),
an important feature for the observed SOT is the non-monotonic FeMn
thickness dependence of HrL (tremn = 2 — 5 nm), which is different from the
case in FMs. It should be noted that in the following discussion, we focus on
correlation of antidamping-like effective field HoL with the SMR due to their
common origin. This will not affect the validity of the discussion because HoL
and Hr are of similar magnitude.?®? To this end, we use the SMR expression

derived in Chapter 2 and is reproduced below?1°

A—R—H 2 Ay tanh(d, /24y) 1- 1
R, > d, (@+&) cosh(d,, / 4)

XX

)X gr(1+gr)+gi2

5.5
(1+9,)* +9 5)
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where the gr term related to the longitudinal spin current absorption by FeMn
layer is ignored for simplicity. On the other hand, the antidamping-like

effective field Ho is given by

) 1 9,(1+9,)+9°
Ho /! jo =———(1- T 5.6
o e = o MSdF( cosh(d, /1N))>< 1+9,)* +g? (6)
The combination of Eq. (5.5) and (5.6) gives:®
Ho ], = h 1 d, 1 AR (57)

2e O,,M.d. A, tanh(d, /24,) R,
Note that we have set £ =0 in Eq. (5.7) since the current shunting effect

included in the calculation of SMR has nothing to do with the
reflection/transmission of spin current at the FeMn/Pt interface, or in any case,
it is much smaller than unity due to the large difference in resistivity between
Pt and FeMn. In this way, the thickness dependence of Hpr/j. can be readily
calculated from Eq. (5.7) by using the thickness dependence of SMR obtained
in Fig. 5.6(d). Fig. 5.9(b) shows the normalized FeMn thickness dependence
of Hpr calculated from Eq. (5.7). Note that ideally, we should use the moment
of FeMn at the interface only for Mremntremn. However, as it is difficult to
extract the interface moment independently, we used the volumetric MFremn
instead, which was obtained by the VSM measurement in Fig. 5.7(a).
Although it is not exactly the same, the thickness dependence of Hpr is indeed
similar to the FeMn thickness dependence of Hrr presented in Fig. 5.9(a).
Therefore, from the results obtained by second order PHE and ADMR
measurements, we demonstrated clearly the existence of SOT effect in
FeMn/Pt and the non-monotonic dependence of the SOT effective field on

FeMn thickness.
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FIG. 5.9 (a) FeMn thickness dependence of Hrr extracted from the second
order PHE measurements; (b) Calculated FeMn thickness dependence of Hpr
using Eq. (5.7) from the experimental determined FeMn thickness dependence
of SMR ratio and net magnetization.

5.3 Summary

In this chapter, we presented the results on SMR measurements in
FeMn/Pt bilayers. The amplitude of the SMR is comparable to that of NiFe/Pt
bilayers. A clear FeMn thickness dependence of SMR is observed, which is
mainly attributed to the thickness dependence of the net magnetization in
FeMn induced by an external field. This is different from the NiFe/Pt bilayers
in which the NiFe thickness dependence of SMR is mainly caused by the spin
transport in both layers. The close correlation between the SMR and field-like
effective field discussed in Chapter 4 unambiguously demonstrated the

existence of SOT effect in FeMn/Pt bilayers.
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Chapter 6 Magnetic Properties and Spin Orbit Torque in

FeMn/Pt Multilayers

In Chapters 4 and 5, the SOT and SMR effects are investigated in the
FeMn/Pt bilayers through the second order PHE and angle dependent MR
measurements, respectively. We found both a large field-like SOT effective
field and a sizable SMR in these bilayers. These results suggest that spin
current can be effectively absorbed by the FeMn spin sub-lattices, which
corroborates well with the spin Hall origin of both phenomena. Moreover,
both effects are found to be closely related to the net moment inside the FeMn
layer, which is determined by its thickness. Previously, it has been reported
that proximity effect can induce magnetism in sub-1 nm Pt layer at FeMn/Pt
interfaces.>? This suggests that it might be possible to achieve global
ferromagnetism in ultra-thin FeMn/Pt multilayers. If this indeed happens, it
might be possible to have a ferromagnet with strong spin-orbit coupling due to
the presence of Pt and its asymmetrical interfaces with the neighboring FeMn
layers. To this end, we have fabricated FeMn/Pt multilayers and investigated
their magnetic properties and SOT characteristics. This is the first time that
such kind of multilayers have been fabricated and characterized. We will show
that it is indeed possible to achieve both global ferromagnetic ordering and

SOT-induced switching in the newly created multilayers.

6.1 Sample structure

The FeMn/Pt multilayers consisting of alternate and ultra-thin FeMn and
Pt layers were deposited on SiO2/Si substrates using DC magnetron sputtering

with a base and working pressure of 2x10® Torr and 310" Torr, respectively.
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An in-plane field of ~500 Oe was applied during the sputtering deposition to
induce a uniaxial anisotropy. In the description hereafter, we adopted the
notation [FeMn(t1)/Pt(t2)]n for the multilayer, where t1, t2 indicate the thickness
of FeMn and Pt in nm, respectively, and n is the repeating period. The basic
structural and magnetic properties of the multilayers were characterized on
coupon films using XRD, XPS, and VSM. The electrical characterization
involves the second order PHE and angle dependent MR measurements as

what we did previously with the FeMn/Pt bilayers.

6.2 Experimental results

6.2.1 Structural properties

We first characterized the structural properties of the multilayer coupon
films using combined X-ray techniques. Fig. 6.1(a) shows the XRD patterns of
two coupon films: [FeMn(0.6)/Pt(0.6)]20/Pt(3) (Curve A) and
[FeMn(0.6)/Pt(0.6)]20 (Curve B), covering the range of bulk fcc Pt (111) peak
at 39.8° and bulk fcc FeMn (111) peak at 43.5°, using the Cu Ka radiation.
Multilayers with a larger number of periods were used in order to ensure a
reasonably good signal-to-noise ratio. The diffraction patterns for both films
are dominated by a main peak at 40.2° - 40.3°, which is close to the bulk Pt
(111) peak. The difference in the intensity of the two diffraction patterns [inset
of Fig. 6.1(a)], i.e., A-B, should be the contribution from the top Pt(3) layer of
sample A. As can be seen from the inset, the peak position of the Pt(3) capping
layer, 39.9°, is very close to that of the bulk Pt. The shift of the main peak of
the multilayer from the bulk value indicates the presence of intermixing at
Pt/FeMn interfaces. Same phenomenon has also been observed in Co/Pt

multilayers.>'® The FeMn (111) peak is almost at the same level of the
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baseline, which is presumably caused by the combined effect of ultra-thin
thickness, interface mixing and small scattering cross sections of Fe and Mn as

compared to Pt.
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FIG. 6.1 (a) XRD patterns of the multilayer samples:
[FeMn(0.6)/Pt(0.6)]20/Pt(3) (Curve A) and [FeMn(0.6)/Pt(0.6)]20 (Curve B);
(b) — (d) XPS spectra of the Pt(3)/[FeMn(0.6)/Pt(0.6)]20 sample. Inset of (a):
intensity difference between A and B.

Figs. 6.1(b), (c) and (d) show the XPS spectra of the same sample. The
Pt 4f72 and Pt 452 peaks appear to remain at their elemental positions without
any obvious shift, while the Fe 2p3,2 and Mn 2p3/2 show both broadening and a
blue-shift compared to their elemental peaks. The latter is presumably caused

by interaction with Pt at interfaces. Oxidation of Fe and Mn is unlikely

because the sample is covered by a 3 nm thick Pt layer. The XRD and XPS
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data demonstrate that the multilayers have a reasonably good (111) texture and
sharp interfaces.

To further check the interface quality of the multilayers, we also carried
out X-ray reflection (XRR) measurements on samples with same thickness
combination but a repeating period n = 30 (for better signal to noise ratio). Fig.
6.2 shows the XRR pattern of a coupon film with the structure
[FeMn(0.6)/Pt(0.6)]s0 (solid line). For comparison, the XRR of the co-
sputtered FeMn-Pt alloy with the same equivalent composition and thickness
(dashed line) as compared to the multilayer is also shown in the same figure.
Both XRR spectra show well-defined fringe patterns which give a total
thickness of about 34 nm. This is in good agreement with the preset values.
For the multilayer sample, in addition to the high-frequency fringe patterns,
there is also a broader peak appears at around 7.48°, corresponding to the
period of the multilayer which is about 1.15 nm. As this peak is absent in the
co-sputtered sample, we can conclude that the multilayers have a well-defined

periodicity and sharp interfaces.
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FIG 6.2 XRR patterns for [FeMn(0.6)/Pt(0.6)]30 multilayer (solid line) and co-
sputtered FeMn-Pt alloy (dashed line) with the same equivalent composition
and thickness.
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6.2.2 Magnetic properties

Next, the hysteresis (M-H) loops and temperature-dependence of
magnetization (M-T) of [FeMn(¢#/)/Pt(t2)]./Pt(3) are characterized using
coupon films by the VSM module of the VersalLab PPMS. The samples are all
with a 3 nm Pt layer for protection. All the multilayer samples exhibit global
ferromagnetic behavior with an in-plane anisotropy. Fig 6.3(a) shows a typical
example of in-plane and out-of-plane hysteresis loops for the sample with ¢, =
t2 = 0.6 nm and n =5, measured at room temperature, respectively. As can be
seen from the figure, the coercivity (H.) and the saturation magnetization (M)
of the sample are 1 Oe and 286.8 emu cm™, respectively. Both the small M;
and H. facilitate SOT-induced magnetization switching with a small current.
Although not show here explicitly, Hc and M; increase to 108 Oe and 795.4
emu cm™, respectively as the temperature goes down to 50 K, both of which
are typical behaviors for FM.

To better understand the origin of ferromagnetism in multilayer, the
temperature dependence of Ms (the M-T curve) is measured for samples with
varying FeMn and Pt thickness combination. Figs. 6.2(b)-(d) show the M-T
curves of different multilayers with the legend denoting (z;, £2) X n. The curves
were obtained by first cooling the sample from 300 K to 50 K and then
recording the magnetic moment during warming up process from 50 K to 380
K with an applied in-plane field of 1000 Oe. As can be seen from Fig. 6.1(a),
this field value was sufficient to saturate the magnetization in the field
direction. We first start our discussion on the Pt-thickness of magnetic
properties. Fig. 6.2(b) shows the M-T curves of samples with #/ = 0.6 nm, n =

5,and 2 = 0, 0.1, 0.2, 0.4, 0.6, and 1 nm, respectively. At intermedium Pt
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thickness (£2 = 0.1 — 0.6 nm), M at 50 K gradually increases with #; from
about 587.9 to 795.4 emu cm™, while the Curie temperature (7¢) falls in the
range of 350 K — 420 K, which varies non-monotonically with 7. However, 7c
drops sharply to about 260 K for both samples with 2 = 0 nm and #2 = 1 nm.
The former is essentially a FeMn(3)/Pt(3) bilayer. As we discussed in detail in
Chapter 4, the sizable M; below 260 K can be mainly attributed to the sub-
lattice canting due to the softening of FeMn spin sub-lattices at small
thickness. It should be noted that although it has been reported that Pt can be

11-15

polarized easily when in contact with FMs''~>, our control experiments using
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FIG 6.3 (a) Hysteresis loops of [FeMn(0.6)/Pt(0.6)]s/Pt(3), measured at 300 K
with in-plane field (Hx) and out-of-plane field (H:); (b) - (d) Saturation
magnetization of samples [FeMn(#/)/Pt(¢2)],/Pt(3) as a function of temperature
(M-T curve). The legend (1, £2)xn denotes a multilayer with a FeMn thickness
of ¢, Pt thickness of #2, and a period of n.
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FeMn/Au and FeMn/Ta revealed that such proximity effect induced
magnetism in FeMn/Pt is small. Nevertheless, despite its small contribution to
the magnetic moment, the Pt layer plays an important role in promoting FM
order throughout the multilayers at Pt thickness below 0.6 nm. In this
thickness range, the proximity effect from both sides of Pt is able to couple
with each other, leading to the observed global FM order. On the other hand,
when the thickness is beyond a certain threshold, the central regions of the
individual Pt layers remain un-polarized, isolating the FM order at each side.
This is the reason why 7¢ of the 2 = 1 nm sample drops back to the same level
of FeMn(3)/Pt(3), but its magnetization is much larger than that of the latter
due both increased number of interfaces and further softening of the FeMn
layers.

We now turn to the FeMn thickness dependence of magnetic properties.
Fig 6.3(c) shows the M-T curves of samples with 2= 0.4 nm, n =5, and #; =
0.6, 0.8, and 1 nm, respectively. As can be seen, the M; at low temperature
decreases with increasing ¢, but 7c remains almost the same. This suggests
that FM order is weakened when the thickness of FeMn increases. However,
unlike the case of increasing #2, the increase of #; up to 1.0 nm does not lead to
a sharp decrease of Tc. In other words, 7c¢ is mainly determined by the degree
of polarization of the Pt layer. The last factor investigated is the total
thickness, as shown in Fig. 6.3(d). The decrease of n leads to gradual decrease
of both M; and Tc. Both the surface and size effect may play a role here. The
multilayer is sandwiched between thin Pt layers at both the top and bottom.
When 7 is small, the less polarized top and bottom Pt layer may affect the

magnetic properties of the multilayer, leading to reductions of both M; and Tc.
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The Tc of an FM thin film can be estimated by scaling analysis, i.e.,

Tc () - Te (d)ocd™, where Tc(o0) and Tc(d) are the Curie temperature of

bulk and thin film with a thickness d, respectively, and v is the critical
exponent of the bulk correlation length in the range of 0.5 to 0.705 (Ref. [16],
[17]). The fitting of our data to this equation gives a v value of 1.6, which is
much larger than values obtained for Ni (v = 1) and Gd (v = 0.625) thin
films.!® As we will discuss shortly, this is presumably caused by the finite

distribution of Tc itself in the multilayers.
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FIG 6.4 (a) Fitting of M-T curve of [FeMn(0.6)/Pt(0.6)]s/Pt(3) sample using
Eq. (6.1); (b) Fitting of M-T curve of [FeMn(0.6)/Pt(0.6)]s/Pt(3) sample using
Eq. (6.2) with Tc¢ distribution and a f value of 0.365.
As the FeMn/Pt multilayers are new, it is of importance to study their
critical behavior so as to have a better understanding of their magnetic

properties. The M-T curve of FM generally follows the semi-empirical

formula:'®

3/2 512718
T T
M(T)= M(O)ll_s(ij _(1_8)(ij ] (6.1)

where M(0) is the magnetization at zero temperature, 7c¢ is the Curie
temperature, S is the critical exponent representing the universality class that

the material belongs to, and s is a fitting constant. Fig. 6.4(a) shows an
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example for the M-T curve curving of the sample with
[FeMn(0.6)/Pt(0.6)]s/Pt(3) using Eq. (6.1). In general, the M-T curves shown
in Fig. 6.3 can be fitted reasonably well except that the £ values used are 0.68
- 0.9, which are 2 - 3 times larger than that of bulk FM. Since the fitting result
is very sensitive to £, the large value used here must be a characteristic of the
multilayer sample. Although we notice that f is typically in the range of 0.7 —

0.89 for surface magnetism,'®??

our multilayers are different from surface
magnetism due to their relatively large thickness.

On the other hand, we noticed that 7¢ of the multilayers depends strongly
on the individual thickness (see Fig. 6.3); therefore, it is plausible to assume
that there is a finite distribution of 7¢ inside the multilayer due to the thickness

fluctuation induced by the interface roughness. If we assume that 7c¢ follows a

normal distribution, Eq. (6.1) can be modified as:

312 51277
. T T
M(T)=M(0)[ ll_s(iJ _(1_5)[fj ]

1 (rc _Tco)2 }
exp| — dT,
27 AT, { 2AT2 ©

where Tco is the mean value of Tc¢, and ATc is its standard deviation. As shown

(6.2)

X

in Fig. 6.4(b), a better fitting can be achieved in this way, especially in the
high temperature region. By assuming a normal distribution of 7¢ and using
= 0.365 for all the samples (note that = 0.365 is the critical exponent for M-T
dependence based on three-dimensional (3D) Heisenberg model). Table 6.1
summarizes the fitting parameters for all the samples. As can be seen, the
width of Tc distribution agrees very well with the range of 7Tc¢ observed in Fig.
6.3 for different samples. These detailed analyses revealed that FeMn/Pt
multilayers are 3D FMs with a finite 7¢ distribution.
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TABLE 6.1 Summary of fitting parameters for M-T curves using Eq. (6.2)

Sample M(0) (emucm™) |s Tco (K) ATc(K)
structure

(0.6,1)x5 790 1.30 245 24
0.6,0.6)<5 | 822 135 322 30
(0.6,0.4)x5 742 1.55 345 27
0.602)<5 | 675 1.70 400 44
(0.6,0.1)x5 610 1.15 362 57
(0.6,0)x5 338 0.90 242 40
(0.8,04)<5 | 595 130 345 25
(1,0.4)x5 515 1.15 337 37
0.6,0.6)<3 | 610 1.20 274 16
(0.6,0.6)x4 823 1.50 300 25
(0.6,0.6)x10 | 804 0.77 339 36

6.2.3 MR and Hall measurements

After clarifying that global FM order exists in the multilayer, we proceed
to characterize the Hall bar devices using electrical measurements. Figs 6.5(a)
and (b) show the field dependent MR of four devices with the structure
Ta(3)/[FeMn(0.6)/Pt(0.6)]»/Pt(3) with » = 4, 5, and 6, measured at a bias
current of 1 mA with sweeping magnetic field applied in x-direction (Hx) [Fig.
6.5(a)] and z-direction (H:) [Fig. 6.5(b)], respectively. It should be noted that
all these devices have a Pt (3) capping layer and a Ta (3) seed layer. As can be
seen, the MR with field applied in x-direction shows a negative peak at low
field with negligible H.. Although it is not shown here, the MR with field
applied in y-direction shows a positive peak at low field with similar
magnitude. Both observations corroborate with typical AMR behavior of FM.

However, on the contrary, the MR with filed applied in z-direction shows a
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characteristic “W” shape below the saturation field [Fig. 6.5(b)], which cannot

be explained by the conventional AMR behavior alone.
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FIG 6.5 MR of Ta(3)/[FeMn(0.6)/Pt(0.6)]»/Pt(3) with n = 4, 5, and 6,
measured by sweeping the field in (a) x-direction and (b) z-direction. Angle
dependent MR for (c) Ta(3)/[FeMn(0.6)/Pt(0.6)]¢/Pt(3) and (d)
[FeMn(0.6)/Pt(0.6)]6/Pt(1). (e) — (f) PHR and AHR for the same set of samples
shown in (a) and (b). Note that all but the n = 6 curve in (a), (b), (¢), (f) are
vertically shifted for clarity. The zero-field resistance for samples with n = 4,
5,and 6 are 912.6, 871.3 and 769.5 Q, respectively.

The “W” shaped out-of-plane MR curve suggests the presence of another
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contribution to the MR effect observed here. Considering the previous work
with FeMn/Pt bilayer, it is most likely the SMR effect also exists in the
multilayer, and entangled with the AMR effect, leading to the unconventional
MR shape. In order to verify this hypothesis, we carried out angle dependent
MR measurement by recording the longitudinal resistance while rotating a
constant field of 3 kOe in zy, zx and zy planes, respectively. The results are
shown in Figs. 6.5(c) and (d) for Ta(3)/[FeMn(0.6)/Pt(0.6)]¢/Pt(3) and
[FeMn(0.6)/Pt(0.6)]6/Pt(1), respectively. The purpose of including the second
sample with a minimum Pt capping thickness of 1 nm is to exclude any effects
from the capping and seed layers since both Pt and Ta may lead to a sizable
SMR effect.”*?® As can be seen, the amplitude of @-.-dependence of MR
(AMR) on the order of 10 is much smaller than that of 6-,-dependence of
MR (SMR) on the order of 10, which indicates that the MR observed in Fig.
6.5(a) and (b) is dominated by SMR. Moreover, the comparable SMR ratio of
[FeMn(0.6)/Pt(0.6)]¢/Pt(1) (6.1x10™%) with Ta(3)/[FeMn(0.6)/Pt(0.6)]s/Pt(3)
(7.9x10%) further demonstrates that the observed SMR is mainly from the
multilayer itself. Although it has been argued that other than SMR?’, spin-
dependent scattering due to spin-orbit coupling®® at the FM/HM interface can
also give rise to similar angle dependence of MR, we believe that the SMR
scenario is more relevant in the multilayer structures. In these samples, the
individual Pt layers serves as a source for both SHE and ISHE. The FeMn
layer in between serves as a “spin-current valve”, which controls the relative
amount of spin currents that can reach a specific Pt layer from the neighboring
Pt layers. The reflected and transmitted spin-currents combined entering the

specific Pt layer will determine the size of the SMR. One more thing to notice
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is that albeit small (107), the AMR contribution (6--dependence) in the
multilayers is not vanished as compared to that of the FeMn/Pt bilayer case
(10°®). The presence of small AMR and SMR together with the possible small
misalignment of the sample with the field direction result in the “W” shaped
out-of-plane MR, which we will discuss shortly.

Fig 6.5(e) and (f) show the dependence of planar Hall resistance (PHR)
and anomalous Hall resistance (AHR) with magnetic field applied in x- and z-
direction, respectively, for the same set of samples as shown in Fig. 6.5(a) and
(b). PHR and AHR are obtained by dividing the measured planar and
anomalous Hall voltage by the current flowing only inside the multilayer
instead of the total current. Phenomenologically, the PHR and AHR have a
characteristic polar and azimuth angle dependence, i.e., PHR o sin2¢ and
AHR o cos6, respectively, where ¢ is the angle between the magnetization
and positive x direction and @ is the angle between the magnetization and z
direction.” In general, the PHE curves shown in Fig. 6.5(¢) resemble the
typical PHE signal of an FM with small coercivity. These curves are
essentially proportional to the first order derivatives of the MR curves shown
in Fig. 6.5(a). On the other hand, the AHE signal increases linearly at low field
and saturate at about +2 kOe which correlates well with the out-of-plane M-H
curve in Fig. 6.3(a). The nearly linear increase of the AHE signal from -2 kOe
to 2 kOe and clear saturation beyond this field range shows that FM order is
developed throughout the multilayer structure, consistent with the magnetic

measurement results.

6.2.4 SOT in multilayers

The observation of SMR behavior suggest the presence of SOT in the
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multilayers as well. To get a quantitative understanding, second order PHE

measurements>"-°

were then performed to quantify the strength of current-
induced effective field Hr. in different samples. Fig. 6.6(a) shows an example
of one set of PHE curves with Hpias = 0 Oe, + 0.5 Oe and — 0.5 Oe,
respectively, at a bias current of 10 mA for the
Ta(3)/[FeMn(0.6)/Pt(0.6)]¢/Pt(3) sample. As can be seen, the PHE signal
magnitude changes with the total field in y-direction including both H: and
Hbias. The increase of PHE at Hpias = + 0.5 Oe indicates that H; is in positive y-
direction. Fig. 6.6(b) shows the linear fitting of AVx(0) against AViias =
[4V(+ 0.5 Oe) - AVy(- 0.5 Oe)] using the data in Fig. 6.6(a). H; can be
calculated from the slope k by using the relation H; = 2kHpias. After subtracting

the Oersted field (Hoe), the effective-field (Hrr) can be obtained. By repeating

the process, the Hr. in different samples can be extracted.
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) 3
50} -15F
(a) (b)

150 75 0 75 150 '3(-)50 25 0 25 50
H (Oe) AV, (V)

FIG 6.6 (a) One set of PHE curves from Ta(3)/[FeMn(0.6)/Pt(0.6)]s/Pt(3)
sample at 10 mA bias current with different transverse bias field (0, +0.5 and -
0.5 Oe); (b) Linear fitting of AV (Hpias = 0 Oe) against [4V (Hpias = 0.5 Oe) -
AV (Hpias = -0.5 Oe)] to determine the ratio of H; to Hbias.

Fig. 6.7(a) shows the Hrr values for [FeMn(0.6)/Pt(0.6)]¢/Pt(1) and
Ta(3)/[FeMn(0.6)/Pt(0.6)]¢/Pt(3) samples. Hrr is plotted against the current

density in the multilayer portion of the samples (jmu). It is worth noting that
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the effective fields of both samples are comparable with the samples,
especially at low current density regime. This suggests that the effective field
is mostly generated inside the multilayer itself; the effect of spin current
generated by the thick Pt layer is largely confined near its interface with the
multilayer. To further affirm this, Fig. 6.7(b) compares Hr. values from the
samples [FeMn(¢;)/Pt(z2)]s/Pt(1) with fixed FeMn thickness (¢ = 0.6 nm), but
varying Pt thickness (22 = 0.2 nm, 0.4 nm, 0.6 nm). As can be seen, HrL
increases as the Pt thickness increases, which clearly suggests that the spin
current from the Pt layer inside multilayer is responsible for the observed SOT
effect. Moreover, as shown in Fig. 6.7(c) for Ta(3)/[FeMn(0.6)/Pt(0.6)]./Pt(3)
with n = 4, 5, 6, Hr. decreases as the increase of the repeating period.
Following the spin Hall effect picture of Hrz, the results can be understood as
the increasing of the moment per area in the sample as » increases, which is
manifest from Fig. 6.3(d). Finally, it is worth noting that Hrz obtained in
multilayers is generally larger than that from the FM counterpart. Fig. 6.7(d)
compares Hrr values of [FeMn(0.6)/Pt(0.6)]4/Pt with that of
Ta(3)/NiFe(4.8)/Pt(3) trilayer by plotting it against the current density in the
multilayer itself for the former and that in Pt layer for the latter. The thickness
of the multilayer (excluding the 1 nm Pt capping layer) is intentionally made
the same as that of NiFe in the trilayer structure. As can be seen, at the same
current density, the effective field of the multilayer is about 4 times larger than
that of the trilayer and the difference is even larger if we take into account

only the current flowing through the individual Pt layers inside the multilayer.
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FIG 6.7 (a) A comparison of Hr. values for samples with and without Ta seed
and Pt capping layer; (b) Hrr values for [FeMn(0.6)/Pt(¢2)]¢/Pt(1) with £2=0.2
nm, 0.4 nm, 0.6 nm; (c) Hrz values for Ta(3)/[FeMn(0.6)/Pt(0.6)]»/Pt(3) with n
=4, 5, 6; (d) A comparison of Hr. values for multilayer and NiFe with
equivalent FM thickness.

6.2.5 Magnetization switching using SOT

After quantifying the SOT effective field, we now turn to the
investigation of magnetization control in multilayers by the SOT effect. As a
start, the current sweeping PHE measurements was performed using pulsed
DC current with a constant duration of 5 ms and a duty ratio of 2.5%. To
ensure good reproducibility, we always started the sweeping from zero current
and then gradually increased it to a preset value in both positive and negative
directions with a fixed step size. The PHE resistance was obtained by dividing

the voltage with the peak value of pulsed current. Figs. 6.8(a) and (b) show the
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Fig 6.8 (a) Current sweeping PHE  curves for (a)
Ta(3)/[FeMn(0.6)/Pt(0.6)]¢/Pt(3), and (b) [FeMn(0.6)/Pt(0.6)]¢/Pt(1); (c)
Schematics of the magnetization switching process assisted by anisotropy
misalignment, where / represents the total current used in (a).

obtained PHE curves as a function of current density in devices with structures
of (a) Ta(3)/[FeMn(0.6)/Pt(0.6)]¢/Pt(3), and (b) [FeMn(0.6)/Pt(0.6)]¢/Pt(1),
respectively. Due to the large resistivity of Ta as compared to Pt, current
passes through the Ta layer can be ignored in the former device. To facilitate

the comparison between the two devices, in Fig. 6.8(a), we show the current

density in the multilayer in the lower horizontal axis and the current density in
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the Pt layer in the upper horizontal axis. The detailed measurement sequence is
as follow: the pulsed current is first swept from 0 to a positive preset current
[50 mA for (a) and 20 mA for (b)], then to the negative preset current with the
same peak value by passing zero, and finally back to zero.

The overall shape of the PHE curves can be qualitatively understood
after taking into consideration both the current induced Hr. and the slight
misalignment of the uniaxial anisotropy axis with x-axis. As illustrated in Fig.
6.8(c), following the macro-spin model, at zero pulsed current, with the small
anisotropy of the multilayer, it is reasonable to assume that the magnetization
of the cross area of the Hall bar lies at an effective easy axis that is slightly
away from the x-axis with an angle a (e.g., — 10°). As the current increases
gradually, the increased Hr. competes with the effective anisotropy field (H.),
leading to an in-plane rotation of the magnetization towards y-direction to an
angle of ¢ —«a, where ¢ is the angle between the magnetization and x-axis.
The PHE resistance reaches the first positive maximum when ¢ = 45°. At the
preset value (50 mA in this case), the magnetization aligns at a direction that is
slightly passing over the y-axis towards the negative x-direction due to the
presence of the uniaxial H4. When the current gradually decrease from this
preset value, the magnetization will continue to be rotated in anticlockwise
direction and settle down in the opposite direction, i.e., ¢ = 180" +« . After
the current returns to zero, the magnetization will align at the opposite
direction along the effective easy axis. During this quadrant of sweeping, a
negative peak in PHE resistance appears when ¢ = 135°. Following the above
scenario, the magnetization will continue to be rotated in anticlockwise

direction when the current is swept from zero to — 50 mA and then back to
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zero. During this process, the PHE resistance first reaches a positive maximum

at ¢ = 225° and then a negative maximum at ¢ = 315° (not shown here). The

magnetization will go back to the initial equilibrium direction after a full cycle
of current sweeping. Therefore, the results in Figs. 6.8(a) and (b) demonstrate
clearly that the magnetization of the multilayer device can be switched from
one direction to its opposite, and then back to its initial direction. It is worth
noting that such kind of reversible switching can also be realized in a bare
multilayer without an additional thick Pt layer [see Fig. 6.8(b)]. Furthermore,
the threshold current density is even smaller than that of the samples with an
additional thick Pt layer.

To further demonstrate reversible magnetization switching of the
multilayer, PHE measurements were performed on [FeMn(0.6)/Pt(0.6)]¢/Pt(1)
with alternate write and read pulse as shown schematically in the upper panel
of Fig. 6.9(a). The measurement began with the supply of + 20 mA
(corresponding to a current density of 1.25 x 10° A cm™) write current pulse
(Iw) with a duration of 5 ms to saturate the magnetization into a specific easy
axis direction. Consequently, the reading of this magnetization state is done by
measuring the Hall voltage with a 5 ms read current pulse (/) of + 2 mA. The
reading process was repeated 13 times, and the PHE resistance results are
shown in the lower panel of Fig. 6.9(a). Subsequent to this, a negative current
pulse of — 20 mA was applied to reverse the magnetization and then read with
the same 2 mA current pulse. The write and read cycles were repeated 8 times,
as shown in Fig. 6.8(a). Apparently, by doing so, two PHE resistance states are
successfully realized. In particular, the readout process can be readily

understood with the assistance of the schematic diagram in Fig. 6.9(b). During
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Fig 6.9 (a) Illustration of write current pulses (20 mA with a duration of 5 ms)
applied to the [FeMn(0.6)/Pt(0.6)]¢/Pt(1) sample (upper panel) and readout
signals in terms of PHE resistance (lower panel). Reading is performed with a
2 mA pulse which is repeated 13 times after each writing process; (b)
Schematics of magnetization rotation during reading at two states with
opposite equilibrium magnetization directions.

readout, the read current pulse (+ 2 mA) induces a small rotation (J¢ ) of the

magnetization towards +y direction from its equilibrium positions, one at
angle a (State #1) and the other at a + 180° away from +x direction (State #2).
When the read current is chosen properly for a specific value, the
magnetization will be rotated to the first octant for State #1 but remains in the
second octant for State #2. This leads to Hall resistance of different polarity
for the two states, positive for State #1 and negative for State #2. The absolute

value of PHE resistance depends on the readout current and misalignment
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angle a, as shown clearly in Fig. 6.8. The results shown in both Figs 6.8 and
6.9 demonstrated unambiguously reversible switching of magnetization solely

by a current without the assist of the external field.

6.2.6 Discussion

We first discuss the unconventional “W” shaped out-of-plane MR [Fig.
6.5(b)]. As is observed from the angle dependent MR measurements [Fig.
6.5(c) and (d)], both AMR and SMR exists in the multilayer sample. It has
been reported that the AMR and SMR can be given by p = o, + Ap (M- ])?

and p=p, —Apyr[M-(ZxJ)FF ,>° respectively, where m and | are unit
vectors in the direction of magnetization and current, respectively, Z denotes
the normal direction of multilayer stack, p, is the isotropic longitudinal

resistivity, and Ap,r (Apsyr ) represents the size of the AMR (SMR) effect.

Combining the two effects, the total resistivity of the multilayer can be given
by:
L= Py + AP uyr SIN OCOS” 0 — Apg SIN® Gsin’ @ (6.3)

The MR ratio is thus given by:

- A . A . .
P~ Po _ DPavR gjn2 QCOSZ(D_Mst@stgp (6.4)
Po Po Po

In order to calculate the overall MR, one has to find the equilibrium values for
0 and ¢ at different applied field based on the energy minimization method.
By taking into account the Zeeman energy, anisotropy energy and

demagnetizing energy, the energy density can be written as:

E - He .. H
=—H -m-—Xsin® #cos’(p—a) +—Lcos’ @ 6.5
v 5 (p-a)+= (6.5)

S
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where m = (Sin@cosp,sin@sinp,cosd), o is the misalignment of effective

easy axis from x-direction due to the Hall bar shape, H, =2K, /M, is the

anisotropy field and Hy is the demagnetizing field. In addition, to account for
the possible misalignment of external field from z-direction, we use following

expression for the external field:

H = H (sin y cos y,sin ysin y,cos y) (6.6)

where y and y are the misaligned polar and azimuth angles, respectively. Eq.
(6.5) can be solved numerically to obtain the equilibrium angle ¢ and 6 at a

specific H value. The MR ratio can then be calculated from Eq. (6.4). In our

samples, p,~p, , where p: is the longitudinal resistivity when the

magnetization is aligned with the z-direction. By using 2P _

=3.85x107"
Po
and APsur =7.91x10"° extracted from the experimental results in Fig. 6.5(c)
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FIG 6.10 Simulated MR ratio of multilayers as a function of sweeping field in
z-direction with Hr = 1 Oe and different angle y (-30°, -45°, -90°).

of the main text, we obtained the simulated MR curves shown in Fig. 6.10.

The parameters used are: His = 2500 Oe [from Fig. 6.5(f)], a =-10°,y = 0.1°,

=-30°, -45°, -90° and Hr = 1 Oe. As can been from the figure, the “W-shape”
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MR curve can be reproduced well when there is a slight misalignment of H
from the z-axis (y). On the other hand, the misalignment in xy-plane (y)
changes the amplitude of the signal, but the overall shape still remains almost
the same.

The next question is: what could be the SOT generation mechanism in
the multilayer without an additional Pt layer, e.g., in the case of
[FeMn(0.6)/Pt(0.6)]6/Pt(1)? The observation of clear SMR suggests that spin
current is present inside the multilayer. Considering the fact that FeMn has a
very small spin Hall angle,’! we may assume that the spin current is
dominantly from the Pt layers. Since both the Pt and FeMn layers are very
thin, we may treat the entire multilayer as an FM with a large spin Hall angle.
When a charge current is applied to the multilayer in x-direction, the SHE
generates a spin current flowing in z-direction with the spin polarization in y-
direction, thereby building up spin accumulations at both the top and bottom

surfaces. At steady state and under the boundary conditions,

j(0) = j,(d) =0, the spin current can be calculated from the drift-diffusion

equation:

., . .,z .. z7-d .od .

iy (2) = i% {smhﬂ—smh l}/smh . i (6.7)
where j3' is the SHE spin current, / is the average spin diffusion length and d

is the thickness of the multilayer stack. In the strict sense, Eq. (6.7) is valid
only for a pure paramagnet like Pt. In the current case, in addition to Pt, we
also have FeMn layers and the entire multilayer is FM. Therefore, the SHE
spin current will be partially absorbed and converted to SOT. The absorption is

strongest when the polarization of spin current is perpendicular to the
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magnetization direction and smallest when they are parallel, thereby inducing
the SMR-like magnetoresistance. It should be pointed out that in the latter
case, spin current can travel through the multilayer because it behaves like a
single phase FM, which is different from a FM/HM bilayer. In the extreme
case, we may assume that the spin current generated by the Pt layers is
completely absorbed by the FeMn layers locally when the polarization of spin
current is perpendicular to the local magnetization direction. Under this
assumption, there will be no spin accumulation at the two surfaces. The

difference in spin current between these two cases gives the SMR as follows:

2
AR, _ 2Anfy, ( d ] 68)

cosh—-1
R A

XX
Here, n < 1 describes the efficiency of spin current absorption in realistic

situations. If we use the following parameters: # = 0.5, A = 1.5 nm, d = 8.2 nm

(total thickness of [FeMn(0.6)/Pt(0.6)]¢/Pt(1)), and é—R = 0.0610%

XX

[calculated from Fig. 6.5(d)], we obtain an effective spin Hall angle 6, =

0.058 for this sample. With this spin Hall angle, the antidamping-like effective

field to current ratio can be calculated as:

ho 200y, d d

H,/j=——""" |cosh—-1]|/sinh— 6.9
o JC Zed/uOMstFeMn( A j/ A ( )

If we use the following parameters: z,M, = 0.32 T (experimental value), tFemn
= 3.6 nm (total thickness of FeMn) and 6, = 0.058, we have Hbpr/jc =

3.78x1077 Oe/(A/cm?). Although this value is around 2 - 3 times smaller than
the experimentally observed value of Hri/j, it is a reasonable estimation
considering the fact that the field-like and antidamping-like effective fields are
3032-34.

typically on the same order in FM/HM bilayers.
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FIG 6.11 Simulated PHE curve as a function of current density in the
multilayer using energy minimization.
Lastly, after clarifying the origin of the SOT, the pulsed current
sweeping PHE resistance is simulated by taking into account the additional
Zeeman energy induced by the SOT effective field. In this way, the energy

density of the multilayer can be written as:
. 1 .
E/Ms:—HFLsmgo+§HAsm (p—a) (6.10)

where H, =2K, /M, with K, the anisotropy constant. The magnetization

direction with respect to x-direction (¢) at different bias current can be
obtained through energy minimization. The normalized PHE resistance is thus

calculated following R ocsin2¢. Fig. 6.11 shows the calculated results by

using the parameters Hs = 1 Oe, a = -10° and Hrr/jma = 1x10° Oe (A™! cm?).
As can be seen, the calculated PHE curve agrees qualitatively well with the

experimental results shown in Figs. 6.8(a) and (b).

6.3 Summary
We have observed both global FM order and SOT effect in FeMn/Pt

multilayers consisting of ultrathin Pt and FeMn layers. The former is
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characterized by a 3D Heisenberg critical behavior with a finite distribution in
Tc. The SOT effect can be understood as the local generation and absorption
of spin current by the ultra-thin Pt and its neighboring FeMn layer,
respectively. This is different from the FM/HM bilayer case where spin current
generated from HM diffuses into FM before it is non-locally absorbed by FM.
Such kind of “built-in” SOT in a single FM has important implications for

spintronics applications.
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Chapter 7 Conclusions and Recommendations for Future

Work

7.1 Conclusions

In this work, we have investigated the spin current interaction with the
spin sub- lattices of FeMn in both FeMn/Pt bilayers and multi-layers. The
main findings are summarized as follows:

Firstly, through 2" order PHE measurement, in FeMn/Pt bilayers, a
field-like SOT effective field of 2.05x10° - 2.44x10° Oe (A cm?) was
observed with FeMn thickness in the range of 2 — 5 nm, which is nearly two
orders of magnitude larger than that obtained from NiFe/Pt bilayers. The large
value is attributed to the small net moment in FeMn. By taking into account
the SOT effective field, the experimental observations can be well explained
using the macro-spin model by treating FeMn as consisting of two spin sub-
lattices. In addition, through the characterization of effective field in
NiFe/FeMn/Pt trilayers and analysis based on drift-diffusion formalism, we
obtained a spin diffusion length of 2 nm for FeMn. The large SOT effective
field and short spin diffusion length in FeMn suggest that it is an effective spin
current absorber, which is consistent with previous reports.’-2

Secondly, an SMR ratio on the order of 10* was obtained in FeMn/Pt
bilayers, which is comparable to the SMR in NiFe/Pt bilayers. The observation
of SMR effect affirms the presence of SOT in the bilayers, since both effects
are coming from the spin current and its interaction with FeMn spin sub-

lattices. From the Pt thickness dependence of SMR, spin transport parameters
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in FeMn/Pt bilayer are extracted as follows: fsu = 0.2, Apt = 1.1 nm and
Re[Gwmix] = 5.5% 10'* Q! m?. More importantly, it was found that the FeMn
thickness dependence of SMR is strongly related to the thickness dependence
of net magnetization in FeMn, which is consistent with the extracted thickness
dependence of SOT effective field.

Finally, by stacking ultra-thin FeMn and Pt layers into multilayers, we
found that global FM order could be realized in these structures with properly
chosen thickness combinations. Through systematically varying the thickness
of each layer, it was found that the individual Pt layer promotes the FM order
by proximity effect from both sides of FeMn, while the uncompensated FeMn
layer contributes mainly to the moment of the multilayer. From 2" order PHE
measurements, it was found that the field-like effective field in these structures
is about 4 times larger than that of NiFe/Pt with an equivalent FM thickness.
The non-zero SOT is attributed to the asymmetry between the top and bottom
interfaces. The observation of sizable SMR in the multilayer suggests that the
SOT can be understood as being caused by the local generation and absorption
of spin current by the ultra-thin Pt and its neighboring FeMn layer,
respectively. We have demonstrated that magnetization of the multilayer can

be switched reversibly by the current-induced SOT without any external field.

7.2 Recommendations for future work

The results obtained in this work demonstrate that FeMn spin sub-
lattices can effectively interact with spin current when it is very thin. Further
work may be carried out in the following few aspects.

Firstly, a three-terminal device involving heterostructure of

Pt/FeMn/MgO/Pt may be fabricated on Si/SiO2, similar to the spin-valve-like
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structure reported in Ref. [3]. In Ref. [3], the IrMn spin configuration is
altered through exchange coupling with the bottom NiFe layer through the
external field. Here in Pt/FeMn/MgO/Pt, it is possible to rotate the spin sub-
lattices of FeMn by the bottom Pt layer through applying an in-plane current.
The change of spin configuration can then be read from the tunneling AMR
across the stacking direction. As compared to the FeMn/Pt bilayer case, the
main advantage of this device is the possibility of obtaining a larger readout
signal from tunneling AMR as has been reported in Ref. [3]. Moreover, as
mentioned in Chapter 1, the tunneling junctions are more practical for future
spintronic devices as compared to metallic junctions.

Secondly, the heterostructure, consisting of Pt/FeMn/FM with
reasonable magnitude of exchange coupling between FeMn and FM, may be
designed to reduce the critical current density for FM magnetization switching.
The consideration is that a giant exchange coupling torque has been recently
reported to exist in structures consisting of two antiparallel coupled Co/Ni
multilayers separated by Ru.* The giant torque can drive the domain walls to
move in a very efficient way. In the case of Pt/FeMn/FM here, it is possible
that the giant torque also exists at FeMn/FM interface and automatically
switches the FM magnetization once the FeMn spin spin-lattices are rotated by
Pt. Since a larger SOT effective field is observed in the FeMn/Pt bilayer, the
reduction of the FM switching current may be achieved in this heterostructure.

Thirdly, spin valve structures, consisting of [FeMn/Pt]n multilayers as
FM electrodes, may be fabricated. In principle, the magnetization of
multilayer electrodes can be controlled by the in-plane current. In this way, it

may be possible to have a spin valve structure with different resistance states
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that are fully controlled by current.

Finally, the same method of studying FeMn, i.e., the combination of
magnetometry measurement and electrical measurements including PHE and
ADMR may be applied to other AF materials, such as Cr, IrMn, PtMn, NiO
and etc. It may be possible to elucidate the spin transport mechanisms and
parameters as well in these AFs by use of the techniques and treatments that

have already been adopted for FeMn.
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