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Abstract

We fabricated quasi-antiferromagnetic (quasi-AFM) layers with alternating antiparallel
magnetization in the neighboring domains via 90-deg magnetic coupling through an Fe-O layer.
We investigated the magnetic properties and the relationship between the magnetic domain size
and 90-deg magnetic coupling via experiments and calculations. Two types of samples with a Ru
buffer and a (NisoFe20)Cr40 buffer were prepared, and we found that with the NiFeCr buffer, the
sample has a flatter Fe-O layer, leading to stronger 90-deg magnetic coupling and a smaller domain
size compared with the Ru buffer sample. This trend is well explained by the bilinear and
biquadratic coupling coefficients, 412 and Bi2, in Landau—Lifshitz—Gilbert (LLG) simulations,
suggesting the possibility of using both AFM and FM properties by controlling the quasi-AFM
domain size.
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. INTRODUCTION

Over the past decade, antiferromagnetic (AFM) spintronics received increasing attention
due to the unique characteristics and potential of AFM materials as compared to ferromagnetic
(FM) spintronics systems.' AFM materials exhibit alternating antiparallel magnetic moments
with a resultant zero net magnetic moment, resulting in a state without dipolar interactions. From
an application viewpoint, this lack of long range interactions is advantageous since stray fields can
be neglected in the device design. AFM spintronics were first studied theoretically, with the
prediction that a spin transfer torque (STT) could be obtained in AFM materials;'*° later,
experimental evidence of a STT in an AFM material was reported.®® Although spin torque induced
oscillations (STOs) are theoretically expected in AFMs in the absence of a stray fields, strong
STOs in AFM materials have not yet been directly observed because of the strong exchange
coupling between adjacent atoms. Thus, to realize STOs in the absence of a stray field, we
fabricated a quasi-AFM layer with domains of alternating antiparallel magnetization, resulting in
a zero net global magnetization. The quasi-AFM layer exhibits FM coupling within one domain
and AFM coupling between neighboring domains. Ultimately, if the domain size was reduced to
the atomic scale, an AFM state would be obtained. In contrast, if the domains were enlarged to the
sample size, an FM state would be achieved. This magnetic behavior is considered as a tunable
intermediate state between FM and AFM materials.

The quasi-AFM layer was fabricated by 90-deg magnetic coupling, in which an interlayer
exchange interaction occurs between two FM layers separated by a thin layer.'®?® The magnetic
coupling energy E can be expanded to a higher-order equation by considering the quadratic term,

as follows:!!> 13-28
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E=—4A12 (M1 - M)-B12 (My - M>)*, M

where M and M, are the unit magnetization in the first and second FM layers and 412 and B2 are
the bilinear and biquadratic coupling coefficients, respectively. When |A412| > 2|B12|, M1 and M; are
parallel (FM coupling) or antiparallel (AFM coupling). In contrast, when |412| < 2|Bi12| and B12 <0,
M and M, take up an intermediate orientation between FM and AFM, exhibiting +/— 90-deg
magnetization (90-deg magnetic coupling). A small |412| and large |Bi2| are obtained when the FM
and AFM coupling energies compete between My and M». This phenomenon was first observed
experimentally in Fe/Cr/Fe(001)!" and Fe/Cu/Fe(001)"? trilayers with a metallic spacer. Strong 90-
deg magnetic coupling in two FM layers was later observed through a magnetic oxide layer.!* 2!
When the magnetization of the first FM layer is pinned by the exchange bias of an AFM layer, the
second FM layer must exhibit domains with antiparallel magnetization due to the +/— 90-deg
magnetic coupling energy and magnetostatic energy. Thus, a quasi-AFM layer can be obtained,
where the magnetic domain size is expected to be determined by the 90-deg magnetic coupling
energy. To design a quasi-AFM layer, the domain size must be controlled. Therefore, in this paper,
the magnetic properties of a quasi-AFM layer fabricated by 90-deg magnetic coupling via an Fe-

O layer were investigated, and the relationship between the magnetic domain structure and 90-deg

magnetic coupling was investigated.

Il. EXPERIMENTAL
Figure 1 shows the two sample structures employed in this work: (a) Ta 5 nm/Ru 2
nm/Ir22Mn7s 5 nm/CogoFero (A) 2 nm/Fe-O 2 nm/CogoFero (B) 2 nm/Cu 6 nm/CogoFeio (C) 2.5

nm/Cu 1 nm/Ta 5 nm and (b) Ta 5 nm/(NisoFe20)Cr40 5 nm/CosoFeio 1 nm/Ir22Mnzg 5 nm/CosoFeio
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(A) 2 nm/Fe-O 2 nm/CogoFeio (B) 2 nm/Cu 6 nm/CogoFeio (C) 2.5 nm/Cu 1 nm/Ta 5 nm. The
samples were deposited on a thermally oxidized Si wafer in a DC magnetron sputtering system.
As shown in Fig. 1(a) and (b), the samples differ only by the buffer layer, with either Ta/Ru or
Ta/NiFeCr/CoFe buffers. Ta/Ru is a commonly used buffer for fcc stacked multilayer films, and
the NiFeCr buffer is known to lead to a large grain size for the subsequently deposited film. The
magnetization of CoFe (A) is pinned by the exchange bias from IrMn, and the magnetizations of
CoFe (A) and CoFe (B) are coupled at +/— 90 deg via the Fe-O layer. CoFe (C) is a free layer for
magnetoresistance measurements. The Fe-O layer was fabricated by a natural oxidation process.
After the deposition of Fe3O4, oxygen gas was introduced into the vacuum chamber. To establish
an exchange biasing direction, the films were annealed in a field of 4.1 kOe at 270°C for 1 h.

A vibrating-sample magnetometer (VSM) and a superconducting quantum interference
device (SQUID) were used to measure hysteresis loops at room temperature. The MR ratio was
measured using a four-point probe, and the fine structure was investigated by cross-sectional
transmission electron microscopy (TEM) analysis. Observations were performed using a JEM-
ARM200F (Nihon Denshi) operating at 200 kV on specimens prepared by milling. The magnetic
domain structure was studied by scanning electron microscopy with polarization analysis
(SEMPA). SEMPA is a useful tool for determining the magnetization vector and for obtaining a
2D map with nanoscale resolution.?®° Recent advances in time resolution also improved magnetic
dynamics investigations.’®*! We prepared two model samples with a 2-nm Ta capping layer on the
CoFe (B) layer for SEMPA. After the Ta capping layer was milled at a rate of 0.5 A/min, which is

sufficiently low to avoid damage, the magnetic domains of the CoFe (B) layer were observed.

lll. CALCULATIONS
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The magnetization dynamics were determined by solving the Landau—Lifshitz—Gilbert
(LLG) equation. The effective field H.4 in the LLG equation is the vector sum of the anisotropy
field H,y, exchange field H., static magnetic field Hy, applied magnetic field Hyyp, and bilinear
and biquadratic exchange fields Hy and Hpg. In two magnetic layers i and j with normalized
magnetization m; and m; acting through a spacer, the bilinear and biquadratic exchange fields Hy

and Hp, are given by>?

and

2
m my . +my (mg my o +mm; )

2B
_ 12 2
Hbq’i _—M p, m, m; +m;, (mi,xmj’x +m,~,2m,~,z)
HoM a; 2 +
mi,zmj,z mj,z (mi,ymj,y mi,zmj,x)
with i # /, (2)

where 412 and B2 are the bilinear and biquadratic exchange coupling coefficients, respectively, Ms
is the saturation magnetization, and d; is the thickness of layer i.

Here, we consider the CoFe (A) 2 nm/Fe-O 2 nm/CoFe (B) 2 nm trilayer. In our model, the
magnetic grain size is 10 x 10 x 2 nm, and the sample has 560 x 560 x 3 grains, as shown in Fig.
2. The anisotropy field was set to 35 Oe, and the saturation magnetization Ms, anisotropy field Hay,
and Gilbert damping constant o for the CosoFeio layers were 1450 emu/cm?, 35 Oe, and 0.01,
respectively. The exchange constant 4 was 1 x 107® erg/cm, and the gyromagnetic ratio y was 1.76
x 10" Oe's™!. The calculation step dt was 10 fs. The pinned layer, CoFe (A), was evaluated by

applying a bias magnetic field of 400 Oe. The magnetic field was applied to the films from —10000

-5-
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to 10000 Oe parallel to the bias magnetic field, with a sweep time of 200 ns.

IV. RESULTS AND DISCUSSION
A. Magnetic properties

Figures 3(a) —(d) show MH and MR loops for the samples with Ru and NiFeCr buffer
layers, respectively, for a magnetic field directed parallel (0 deg) and perpendicular (90 deg) to the
exchange bias field. In this case the MH loop was obtained by VSM. The MH and MR loops under
an applied field of 0 deg provide a reference for detecting the exchange bias field of IrMn. Figures
3(a) and (c) show that the exchange bias field of IrMn is 320 and 90 Oe for the Ru and NiFeCr
buffer samples, respectively. Next, we focused on the MH and MR loops under a field applied at
90 deg, as shown in Fig. 3(b) and (d). Since this case is more complicated, the magnetization
configuration is illustrated by schematic images of the magnetization orientation, as shown in Fig.
3(e). The states (i) —(iv) in Fig. 3(e) correspond to the states (i) —(iv) in Fig. 3(b) and (d). For state
(1), the CoFe (A), (B), and (C) layers exhibit a magnetization parallel to the applied magnetic field.
As the field decreases across zero from state (i) to (ii), the magnetization of CoFe (A) rotates to
the exchange bias field direction. CoFe (A) and CoFe (B) are coupled, with an angle of +/— 90 deg
for state (i1). When the applied field is decreased further from state (ii) to (iii), the 90-deg coupling
between CoFe (A) and CoFe (B) is broken, and consequently, the CoFe (A), (B), and (C) layers
exhibit a magnetization parallel to the applied field, which is opposite to the direction for state (1).
Because the MH and MR loops in Fig. 3(b) and (d) are symmetrical for a zero magnetic field, we
conclude that 90-deg magnetic coupling was realized between CoFe (A) and (B) for the samples
with Ru and NiFeCr buffer layers.

Here, we define Hoo as the magnetic field at which the 90-deg magnetic coupling is broken.
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As shown in Fig. 3(b) and (d), Hoo is 50 and 100 Oe for the Ru and NiFeCr buffer samples,
respectively. Thus, the 90-deg magnetic coupling energy of the sample with the NiFeCr buffer

layer is larger than that for the Ru buffer layer.

B. Cross-sectional TEM observation

To investigate the origin of the difference in Hoo for the samples with different buffer layers,
high-resolution cross-sectional TEM images were acquired for the Ru and NiFeCr buffer layer
samples, as shown in Fig. 4. Here we focus on the roughness of the Fe-O layer. Visual inspection
shows that the NiFeCr buffer sample is significantly flatter than the Ru buffer sample. While the
Ru buffer sample has a roughness of 2 nm, the NiFeCr buffer sample has a roughness of less than
0.2 nm, indicating that the roughness can be changed 10-fold by selecting an appropriate buffer
layer. The Fe-O roughness is important for 90-deg magnetic coupling, which requires a balance
between the FM and AFM coupling energies of CoFe (A) and (B) through the Fe-O layer. Typically,
the roughness of a sputtered magnetic layer on a SiOz substrate depends on the columnar
crystalline grains, which influence the FM coupling energy, also known as orange peel coupling.®*

3 The orange peel coupling energy J is given as

2 2
T (oM M, Yexpl- 27421, 1 2), ()

J=
N

where / and A are the amplitude and wavelength of the roughness, M1 and M- are the magnetization
of CoFe (A) and CoFe (B), respectively, and s is the thickness of the Fe-O layer. Based on Eq. (3),
as the amplitude /4 increases, the orange peel coupling energy J increases. Therefore, a greater

roughness leads to stronger FM coupling, and the balance between the FM and AFM coupling

-7 -
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energies is degraded. As a result, the 90-deg coupling becomes weak. For this reason, a flat Fe-O
layer is important for achieving strong 90-deg magnetic coupling. From the viewpoint of flatness,
the NiFeCr buffer is suitable due to its large columnar crystalline grains. It is known that the
NiFeCr buffer increases the grain size, resulting in a flatter layer.>” Our samples with Ru and
NiFeCr buffers exhibited CoFe (A) grain sizes of approximately 15 and 50 nm, respectively, which
we can identify as a cause of the observed difference in flatness. Thus, by choosing the appropriate

buffer layer, we have a means to control the magnitude of 90-deg magnetic coupling.

C. Scanning electron microscopy with polarization analysis (SEMPA)

Although we can predict the macroscopic average magnetic direction of CoFe (B) from the
MH and RH loops, as mentioned in Section A, the finescale domain structure is still unknown. To
determine whether the CoFe (B) layer becomes a quasi-AFM layer, direct observation of the
magnetic domain structures of CoFe (B) is necessary. Therefore, the CoFe (B) layers in the Ru and
NiFeCr buffer samples were observed by high resolution SEMPA imaging. Two model samples
with a 2-nm Ta capping layer on the CoFe (B) layer were prepared. After the Ta capping layer was
milled in chamber, the magnetic domains of the CoFe (B) layer were observed. Topographic
images are presented in Fig. 5(a) and (d), demonstrating that the CoFe (B) surface is smooth with
no significant corrugations even after the Ta capping layer is milled. Thus, damage is not incurred
during sample preparation. The in-plane magnetization Mx [Fig. 5(b), (e)] and M, [Fig. 5(c), (f)]
correspond to the parallel and perpendicular magnetization components with respect to the
exchange bias field from IrMn, respectively. The white and black arrows in Fig. 5 denote the
direction of the magnetization. For both samples, magnetic domains with antiparallel

magnetization were observed, consistent with the expectation that the CoFe (B) layers became
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quasi-AFM layers. However, differences were observed between the Ru and NiFeCr buffer
samples. In Fig. 5(b) and (c), we can observe a difference in both M, and M, indicating that the
CoFe(B) layer in the Ru buffer sample has a magnetization that is tilted from the x axis, namely,
the exchange biasing direction. This behavior is assumed to arise from the FM coupling caused by
orange peel coupling, as mentioned above. In contrast, for the CoFe(B) layer in the NiFeCr buffer
sample, no significant M» component was observed, as shown in Fig. 5(e), indicating that the 90-
deg magnetic coupling in the NiFeCr buffer sample is stronger than that of the Ru buffer sample.
As shown in Fig. 5(c) and (f), the average magnetic domain size of the CoFe (B) layer in the Ru
and NiFeCr buffer samples is 1 and 0.4 pm, respectively. Thus, the domain size in the Ru buffer
sample is at least twice as large as that for the NiFeCr buffer sample. The magnetization and
magnetic domain structure are determined when the total energy is minimized and are influenced
by the static magnetic energy with respect to the total energy. The magnetization of CoFe (B) in
the Ru buffer sample is tilted from the x axis due to weak 90-deg magnetic coupling, which leads

to an increased magnetic domain size.

D. Magnetic domain structure determined by micromagnetic LLG simulation

To investigate the relationship between the magnetic domain structure and the magnitude
of the 90-deg magnetic coupling, micromagnetic LLG simulations were performed. As mentioned
in the introduction, 90-deg magnetic coupling depends on the sign and magnitude of the interlayer
coupling coefficients 412 and Bi2, which can be estimated from fits of the experimental data while
noting the following: the magnetic field at which the magnetic moments of the CoFe (B) layer
begin to deviate from the applied field direction and the magnitude of the magnetic field at the

magnetization reversal. The coefficient 412 denotes the magnitude of the magnetization jump, and
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Bi2 denotes the magnitude of the magnetization rotation. Figure 6(a) presents MH curves simulated
by changing Bi2 from —0.2 to —0.05 mJ/m? with 412 fixed at 0 mJ/m?. When a field is swept from
a negative value (-x) to zero, the magnetization of the CoFe (B) layer rotates by +/~90 deg with
respect to the magnetization of CoFe (C). As the field is increased from zero to a positive value
(+x), the magnetization of CoFe (C) reverses to the direction of the applied field at the exchange
bias field of IrMn. Then, the magnetization of CoFe (B) gradually rotates to the applied field (+x)
and finally saturates. As shown in Fig. 6(a), while the magnitude of the magnetization jump does
not depend on Bi2, the slope of the magnetization rotation does depend on Bi2. When the magnitude
of Bi2 is large, rotating the magnetization of CoFe (B) to the applied field is difficult; thus, a larger
magnitude of Bi2 leads to stronger 90-deg coupling. Figure 6 (b) shows MH curves simulated by
changing 412 from 0 to 0.2 mJ/m? with Bi2 fixed at —0.2 mJ/m?. While the slope of magnetization
rotation is not influenced by 412, the magnitude of the magnetization jump does depend on the
value of 412. When the magnitude of 412 is large, the magnetization jump is large. Schematic
images of the magnetization for states of (c)—(h) in Fig. 6(b) are shown in Fig. 6(c)—(h). The
average magnetization of states of (c)—(e) and (f)—(h) is +x and -x, respectively, and the angle
between the magnetization of CoFe (B) and CoFe (C) is 90, 76, and 60 deg for 412 values of 0, 0.1,
and 0.2 mJ/m?, respectively. Thus, the magnitude of the magnetization jump is determined by the
angle between the magnetization of CoFe (B) and CoFe (C) in a zero or near-zero magnetic field.

To derive the bilinear and biquadratic coupling coefficients 412 and Bi2, we fitted the MH
curves of the (a) Ru and (b) NiFeCr buffer samples for a field of =10 to 10 kOe applied parallel to
the exchange bias field. In Fig. 7, the black dots show the experimental data measured by the
SQUID instrument. Since the MH curve measured for the positive field contains the magnetization

motion in both CoFe (A) and CoFe (B), the MH curve for the negative field was used for fitting.

-10 -
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For the calculated MH curve, 412 and Bi2 were independently varied from 0 to 1.0 mJ/m? and from
—0.6 to —0.1 mJ/m? by 0.1 mJ/m?, respectively. In Fig. 6, the red and blue lines represent the MH
curves given by the LLG equation for the (a) Ru and (b) NiFeCr buffer samples, respectively. As
shown in Fig. 7(a), the 412 and B2 values for the Ru buffer sample are 0.4 and —0.3 mJ/m?,
respectively, based on MH curve fitting. In the same manner, the 412 and Bi2 values for the NiFeCr
buffer sample are estimated as 0.6 and —0.6 mJ/m?, as shown in Fig. 7(b).

The obtained 412 and B2 values were plotted in a magnetic coupling map, as shown in Fig.
8.24 Both the Ru (red circle) and NiFeCr (blue circle) buffer samples exhibit 90-deg magnetic
coupling component as well as ferromagnetic coupling component. The Ru and NiFeCr buffer
samples display angles of 40 and 60 deg between CoFe (B) and CoFe (C), respectively, in
agreement with the SEMPA images, where an x magnetization component is clearly observed in
the Ru buffer sample. Additionally, previously reported values for metallic spacers such as Au, Al,
and Cu are plotted as small black circles, and that for an NiO spacer is plotted as a small open
circle.”* 1> 18 These metallic spacers exhibit a smaller biquadratic coupling coefficient B12 than the
magnetic oxide spacer.

Under these conditions for 412 and Bi2, the magnetic domain structure of the CoFe (B)
layer was calculated using the LLG equation. Figure 9 shows the calculated domain structures for
the (a) Ru and (b) NiFeCr buffer samples. The CoFe (B) layers in both samples exhibit magnetic
domains of roughly antiparallel magnetization with respect to the neighboring domains, and the
magnetic domain size of the Ru buffer sample is twice as large as that of the NiFeCr buffer sample,
in agreement with the experimental results presented in Fig. 5 for SEMPA. This agreement
between the simulated and experimentally observed domain structures indicates that the domain

size of the quasi-AFM layer can be controlled by changing the 90-deg magnetic coupling in

S11 -
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conventional magnetic materials such as CoFe with a convenient thickness. By changing the
domain size from the atomic scale to the sample size, the quasi-AFM layer transforms from the
AFM state to the FM state. Domain size control is important for STO observations in devices
without stray fields. Moreover, the collinear magnetic materials Mn and Cr were reported to exhibit
large values of B12 at —1.5 and —4 mJ/m?, respectively.!”-?° Thus, the domain size of a quasi-AFM
layer can potentially be reduced by 90-deg coupling with a large biquadratic coupling coefficient

Bia.

V. CONCLUSION

We have successfully fabricated a quasi-AFM layer by 90-deg magnetic coupling through
an Fe-O layer. We controlled the magnetic domain size by using two different buffer layers, Ru
and NiFeCr, leading to different Fe-O roughness values. By fitting the MH curves, the bilinear and
biquadratic coupling coefficients 412 and B2 were estimated. LLG simulations based on these
coefficients accurately elucidated the magnetic domain structure of the quasi-AFM layers directly
observed by SEMPA, indicating that the domain size can be controlled by altering the 90-deg
magnetic coupling. This domain size can be tailored thus suggesting that quasi-AFM layers may

potentially exhibit a spin torque between FM and AFM states without any stray fields.
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FIGURE CAPTIONS

FIG. 1. Schematic film structures of samples with (a) Ru and (b) NiFeCr bufter layers.

FIG. 2. Schematic image of the simulation model. The model is discretized into cubic grains with

dimensions of 10 x 10 x 2 nm.

FIG. 3. MH and MR loops of samples with a Ru buffer layer (a)(b) and a NiFeCr buffer layer
(c)(d). Magnetic fields were applied at 0 deg (a)(c) and 90 deg (b)(d) with respect to the exchange

bias field. (e) Schematic images of the magnetization in the CoFe (A), (B), and (C) layers, where

-15-



AlP

Publishing

the red and black arrows denote the magnetization and the applied magnetic field. The states of (i)

—(1v) in (e) correspond to (i) —(iv) in (b)(d).

FIG. 4. High-resolution cross-sectional TEM images of samples with (a)(b) Ru and (c)(d) NiFeCr
buffer layers. (a)(c) and (b)(d) present images with 500,000X and 2,000,000X magnification,

respectively. The layer compositions are indicated.

FIG. 5. SEMPA images of samples with Ru (a)—(c) and NiFeCr (d)—(f) buffer layers. Topographic
images of these samples are shown in (a) and (d). Mx (b)(e) and M, (c)(f) are the x and y
components of the in-plane magnetization, respectively. The white (black) arrows indicate

magnetization directed toward the top or right (bottom or left).

FIG. 6. MH curves simulated by varying Bi2 from —0.2 to —0.05 mJ/m? with 412 fixed at 0 mJ/m?
(a) and by varying 412 from 0 to 0.2 mJ/m? with B12 fixed at —0.2 mJ/m? (b). (c)—(h) present

schematics of the magnetization for states (c)—(h) indicated in (b).

FIG. 7. MH curves for (a) Ru and (b) NiFeCr buffer samples with an applied field of =10 to 10
kOe at 0 deg. The black lines present data measured by the SQUID system. The red and blue lines

present data calculated from the LLG equation. The insets display results from —1 to 1 kOe.

FIG. 8. A magnetic coupling map obtained from the bilinear and biquadratic coupling coefficients,
A1z and B12.2* The blue and gray regions indicate stable FM and AFM coupling states, respectively.

The pink region represents the intermediate state between FM and AFM coupling, including
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complete 90-deg coupling. The results for the Ru and NiFeCr buffer samples are indicated by red
and blue circles, respectively. The black and white circles present previously reported results for

nonmagnetic metal spacers and a NiO spacer, respectively.!¥!1% 13

FIG. 9. Calculated magnetic domain structures of (a) Ru and (b) NiFeCr buffer samples with

dimensions of 5.6 pm x 5.6 um % 6 nm.
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Fig. 4
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Fig. 6-1
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(a) Ru buffer (b) NiFeCr buffer
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