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We investigate the effects of strain on antiferromagnetic (AFM) single crystal thin films of

La1�xSrxMnO3 (x¼ 0.6). Nominally unstrained samples have strong magnetoresistance with

anisotropic magnetoresistances (AMR) of up to 8%. Compressive strain suppresses

magnetoresistance but generates AMR values of up to 63%. Tensile strain presents the only case of

a metal-insulator transition and demonstrates a previously unreported AMR behavior. In all three

cases, we find evidence of magnetic ordering and no indication of a global ferromagnetic phase

transition. These behaviors are attributed to epitaxy induced changes in orbital occupation driving

different magnetic ordering types. Our findings suggest that different AFM ordering types have a

profound impact on the AMR magnitude and character. VC 2014 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported
License. [http://dx.doi.org/10.1063/1.4892420]

Antiferromagnets (AFM) have been shown to be a prom-

ising alternative to ferromagnets (FM) in spintronic applica-

tions.1–5 The reason stems from the fact that at high data

storage densities stray fields may destroy the FM set states,

while an AFM would be relatively insensitive to these stray

fields and maintain its anisotropic magnetoresistance (AMR).

Recent studies have focused on AFM bimetallics as they have

high magnetic ordering temperatures and extremely low mag-

netizations.4,5 While strongly correlated oxides are considered

to have immense promise in next generation electronic and

sensing devices, few studies exist for AFM spintronic applica-

tions.5–10 In most cases, these materials have rich electron/hole

doping phase diagrams populated with vastly different resistive

and magnetic properties. Dopings that lie near phase bounda-

ries are often of particular interest due to their high sensitivity

to perturbations in their underlying spin-charge-orbital order

parameters, which can lead to colossal changes in resistive and

magnetic properties. La1�xSrxMnO3 (x¼ 0.6) (LSMO) is one

such material. It has been shown in bulk samples to have a

region of short range magnetic ordering (i.e., a deviation from

Curie-Weiss behavior) between 320 K and 210 K and to strad-

dle a canted AFM/A-type AFM phase boundary below

200 K.11 Surprisingly, this material has not been synthesized in

thin film form even though its complex phase behavior should

make it highly sensitive to orbital populations controlled by

epitaxy induced strain effects. While AMR in other perovskite

manganites has been reported, the mechanism is typically still

associated with FM phase coexistence or transition.12–15 In this

Letter, we investigate strain effects on the resistive and mag-

netic properties of x¼ 0.6 doped LSMO films and find that dif-

ferences in AFM ordering type can have a profound impact on

the AMR magnitude and character.

Experiments were performed on 10 nm LSMO films grown

epitaxially on SrTiO3 (STO), (LaAlO3)0.3–(Sr2AlTaO8)0.7

(LSAT), and LaAlO3 (LAO) substrates using pulsed laser depo-

sition. Growth was performed in an ultrahigh vacuum system

with a base pressure of<1� 10�10Torr. Substrates were held at

760 �C in a flowing O2 environment at 0.5 mTorr. A 248 nm

pulsed KrF excimer laser was operated at 1 Hz and 0.8 J/cm2 flu-

ence to give an average deposition rate of �0.1 Å/s. Reflection

high-energy electron diffraction (RHEED) was used to monitor

surfaces during growth and conformed to a layer-by-layer

growth mode. After growth, samples were post annealed at

700 �C in 1 atm flowing O2 for 2 h. In-situ RHEED and ex-situ
atomic force microscopy confirmed flat, single phase surface

morphologies. X-ray measurements were carried out on a

PanAlytical X’Pert thin film diffractometer with Cu Ka radia-

tion. X-ray linear dichroism (XLD) measurements were con-

ducted at beamline 4.0.2 at the Advanced Light Source in total

electron yield mode by monitoring the sample drain current. The

linearly polarized x-rays were incident upon the sample with a

60� angle relative to the sample normal and the E vector was ori-

ented parallel or perpendicular to the scattering plane. Transport

measurements were taken in a Quantum Design Physical

Properties Measurement System (PPMS) using Keithley 2400

source-measure electronics at 1lA constant current in a 4-probe

geometry. Magnetization measurements were conducted on a

Quantum Design Magnetic Properties Measurement System

(MPMS3) in DC scan mode.

a)Author to whom correspondence should be addressed. Electronic mail:

wardtz@ornl.gov.
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Figure 1(a) shows the h-2h XRD data containing the 002pc

LSMO and substrate peaks for each of the three substrates

(where pc is pseudocubic). We observe that all films have

grown in a uniform single phase (Figure 1 inset) and present

thickness fringes correlating to 10 nm thicknesses. Figure 1(b)

gives reciprocal space maps taken through the 103pc peak,

which indicate that the 10 nm films are fully strained on each

of the three substrates. In-plane a-b axes (out-of-plane c axis)

lattice values are shown to be 3.906 Å (3.79982 Å 6 0.00115)

for STO, 3.872 Å (3.83942 Å 6 0.00585) for LSAT, and

3.790 Å (3.97381 Å 6 0.00769) for LAO. These dimensions

are consistent with expected unit cell volumes for the x¼ 0.6

doping.16 From these values, we calculate c/a ratios of

0.9728 6 0.0003 for STO, 0.9916 6 0.0015 for LSAT, and

1.0485 6 0.0020 for LAO. The offset from c/a¼ 1 is a known

indicator of orbital state preference where modulation of the eg

electron’s orbital occupancy with tensile strain (c/a< 1) pro-

moting in-plane x2-y2 filling, and compressive strain (c/a> 1)

promoting out-of-plane 3z2-r2 filling.17,18 We performed x-ray

linear dichroism measurements on the LSAT and LAO samples

(Fig. 1(c)). Integrating the area under the L2 peak has been

shown to be an important indicator of orbital occupancy prefer-

ence.17 Here, the compressively strained LAO sample (c/a> 1)

has a positive integrated value of 0.12 indicating a 3z2-r2 pref-

erence. The nominally lattice matched LSAT sample is very

slightly tensile strained and has a negative integrated value of

0.03 which indicates a weak x2-y2 preference. The more

strongly tensile strained STO sample is expected to continue

this trend and possess a stronger x2-y2 preference due to its rela-

tively smaller c/a value.

Figures 2(a)–2(c) show the resistive properties of the

LSMO films from 400 K to 10 K and demonstrate a strong

sensitivity to applied strain. Here, resistivity loops from 400 K

! 10 K ! 400 K were taken at 3 K/min with magnetic field

along the out-of-plane direction. In each case, distinct transi-

tions are observed; however, the number and onset tempera-

tures vary while no hysteresis is observed. Compressive strain

(on LAO) induces three distinct insulating regions. Between

70 K and 400 K, little difference is observed in the insulating

behavior. Below �200 K, the magnetoresistance (MR),

defined as MR¼ [(R0 � RH)/RH] � 100%, where RH and R0

are, respectively, the resistances under field¼H and 0, has a

weak temperature dependence (Fig. 2(d)), which then

increases sharply below 70 K. Since the sample resistance

exceeded measurable ranges below 60 K, the absolute MR at

low temperatures may be much higher than the 40% value

shown. The nominally matched LSAT sample shows four

insulating regions below 400 K, while presenting the strongest

MR response with a maximum of 140% at 10 K. It is worth

noting that unlike other manganite compositions exhibiting

colossal magnetoresistance in which MR presents itself in a

FIG. 1. (a) h-2h XRD scans around the 002pc peak of 10 nm thick LSMO

films grown on different substrates. Inset shows longer range XRD results

and present no spurious phases. (b) Reciprocal-space maps taken through

the 103pc peak to demonstrate that LSMO films are commensurate with

underlying substrates. (c) XLD spectra taken at 300 K on films on LAO and

LSAT substrates. Integration of L2 peaks, denoted by thatched regions,

show an orbital preference dependent on c/a values where compressive

strain gives preference to 3z2-r2 and weak tensile strain gives a slight prefer-

ence for x2-y2 orbital occupation.

FIG. 2. Resistance as a function of temperature loops under increasing out-

of-plane magnetic fields for (a) compressively strained film on LAO, (b) lat-

tice matched film on LSAT, and (c) tensile strained film on STO. (d) MR at

9 T for each of the three films.

052401-2 Wong et al. Appl. Phys. Lett. 105, 052401 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

169.237.64.239 On: Wed, 06 Aug 2014 15:51:22



relatively narrow temperature region, the lattice matched

LSMO film exhibits >20% MR from 240 K to 10 K.19,20 The

tensile strained film grown on STO is the only system that dis-

plays a metal-insulator transition, TMIT� 280 K, while a re-

entrant insulator behavior occurs below 120 K. We also

observe that tensile strain acts to suppress MR across all tem-

peratures with a small peak near TMIT and a sharp upturn

below 100 K. A comparison of behaviors suggests that the

unstrained film may be comprised of mixed phases, as strong

MR is known to be one signature.19 The relatively weak MR

and vastly different resistive behaviors present in the tensile

and compressive states at low temperatures may indicate that

their preferential orbital occupations drive different but more

homogeneous orderings. Since different ordering types are

known to have varying sensitivity to magnetic field direction,

we investigate the effects of field direction on resistivity for

each of the samples.

Angular dependences of the resistivity under 9 T mag-

netic fields for the LSMO samples are given in Figure 3. The

samples were field cooled under 9 T with h¼ 0� and rotation

scans taken in order from the highest temperature to the low-

est. Here, h¼ 0� denotes the magnetic field, H, perpendicular

to the current direction, J, and the sample surface, while

h¼ 90� corresponds to H parallel to J in the film plane.

AMR can then be taken as [(Rh � R0)/Rh] � 100%, where

Rh and R0 are the resistances at h and h¼ 0, respectively.

Under compressive strain, there is a strong response to field

direction, which presents as a 2-fold symmetric curve similar

to the shape and amplitude of the highest reported AMR val-

ues in ferromagnetic based manganite devices and following

the same cos2(h) dependence.14,21 Values range from 5% at

200 K to 63% at 60 K with maxima occurring when the mag-

netic field is perpendicular to the film. The sharp jump in

AMR from 75 K to 60 K suggests that these percentages

might be much higher at lower temperatures, but we are

unable to measure due to the high resistances. The lattice

matched LSAT sample also shows 2-fold symmetric behav-

ior at high temperature, but a resistive plateau of several

degrees around field perpendicular begins to present itself at

100 K that breaks the cos2(h) dependence shown in the com-

pressively strained case. The AMR values range from 1% at

150 K to 8% at 10 K with the biggest jump in response occur-

ring between 100 K and 50 K. The differences between AMR

in the tensile and lattice matched samples is interesting, as

the absolute MR is considerably higher in the lattice matched

sample, while the compressively strained sample is much

more sensitive to field direction. Tensile strain in the STO

sample nearly extinguishes the AMR response with values

on the order of 0.1% at all temperatures below 300 K.

However, at 100 K, 50 K, and 10 K, we observe an intriguing

response characterized by sharp increases in resistance

occurring near magnetic field perpendicular to film surface.

The angular position of the peaks increases slowly with

decreasing temperature (i.e., þ/�7� at 100 K, þ/�15� at

50 K, and þ/�17� at 10 K), while the minima occur at þ/

�90� for all temperatures. This behavior is not consistent

with any previous explanations involving phase coexistence

or substrate miscut induced anisotropy.12,13,15,22 Also, the

relatively high 9 T magnetic field should be more than suffi-

cient to overcome inherent magnetic anisotropy arising from

non-uniform mesoscale distribution of strain caused by STO

twinning effects.23,24 STO twinning can be further ruled out

as the cause by the fact that the observed effect changes with

decreases temperature well below the STO phase transition.

Instead, as we suggest below, these peaks may be the result

of electron scattering from a canted AFM phase.

Figure 4 presents field cooled (FC) and zero field cooled

(ZFC) magnetization data with H¼ 30 mT. The diamagnetic

FIG. 3. Angular dependent AMR with H¼ 9 T, the inset shows the measurement geometry where h is the angle between H and J for (a) compressively strained

film on LAO, (b) lattice matched film on LSAT, and (c) tensile strained film on STO. Insets show regions þ/�20� around field perpendicular to highlight

anomalous low angle AMR behavior.
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background from the substrate has been subtracted from the

curves. In each case, an upturn in magnetization is observed

below 50 K that may be caused by substrate induced para-

magnetism (PM). None of the samples show a clear FM

onset and all present a weak total magnetization across the

entire temperature range. Without a FM transition, we can

rule out PM to FM transition as the source of the MR

responses which is a common avenue for strong MR and

AMR in manganites.15 The compressively strained LAO

sample shows a weak signature of magnetic ordering below

�200 K corresponding to the bump in MR and the onset of

strong AMR. However, there is no change in magnetic

behavior corresponding to the sharp increase in resistivity

below 70 K. This may signal a freezing out of the conduction

along the 3z2-r2 dominated super-exchange channel. The lat-

tice matched LSAT sample shows a slight decrease in mag-

netization from 350 K to 300 K, which may indicate a

transition away from a high temperature PM phase similar to

what is reported in bulk samples.11 This transition also coin-

cides with an increase in resistivity and MR in transport

measurements. We observe a weak ordering signature

slightly below 200 K which again coincides with a large

jump in AMR. The tensile strained STO sample shows a

slight increase in magnetization from 350 K to 310 K on FC

that coincides with the metal-insulator transition; however,

magnetization vs field loops show no indication of ferromag-

netism (not shown). When combined with the fact that this

magnetic transition is not seen in the ZFC data and that there

is a change in MR near 300 K, a region of mixed phases or

short range ordering can be assumed between 310 K and

120 K.11 At 120 K, the strongest magnetic ordering signature

of the three strain states appears. It is important to note that

this temperature is above the STO cubic-tetragonal phase

transition at 105 K, so we can conclude that the observed

magnetic ordering is not the result of a substrate transition.

Further, the unusual AMR responses of hard axis peaks at

þ/� several degrees to perpendicular magnetic field applica-

tion occur below 100 K which is well within the ordered win-

dow. This is within the temperature range where a

magnetically ordered canted AFM phase is known to reside

in bulk, so we speculate that these resistive peaks at set

angles may be the result of scattering from the ordered spin

canted sites. We also note that the magnetoresistive behavior

appears to conform to a spin-flop type of response for all

three strain states; as neither out-of-plane 69 T magnetic

field dependent resistivity loops nor 67 T magnetic field de-

pendent magnetization loops (data not shown) present the

typical sharp discontinuities that signal a spin-flip transition

seen in other AFM manganites.25,26 Figure 5 presents low

field AMR scans taken at 2 T for the compressively strained

sample and 3 T for the matched and tensile strained samples

at 60 K and 10 K, respectively, and were nearly identical to

the 9 T AMR angular response curves but with lower abso-

lute MR response magnitude which suggests that the AFM

ground state has not been melted in any of the samples even

at the highest field.

It is known that magnetic degrees of freedom can be

indirectly controlled by tuning orbital degrees of freedom

and has been shown theoretically that for the La1�xSrxMnO3

system slight variations around c/a¼ 1 at x¼ 0.6 could lead

to different magnetic ground states.27 Specifically, c/a< 1,

where x2-y2 orbital occupation dominates, leads to an A-type

AFM phase; and c/a> 1, where 3z2-r2 orbital occupation

dominates, leads to a C-type AFM phase.28,29 This is consist-

ent with our results where compressive strain arising from

FIG. 4. FC and ZFC magnetization values under a 30 mT magnetic field

from 5 K to 350 K show signatures of magnetic ordering.

FIG. 5. Low field angular dependent AMR for LAO and STO at 10 K under

a 3 T magnetic field and for LAO at 60 K under a 2 T magnetic field.
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the LAO substrate has a c/a¼ 1.049, while the nominally lat-

tice matched LSAT sample and tensile strained STO sample

have c/a values of 0.992 and 0.973, respectively. Thus, the

large differences in AMR values may be the result of these

different ordering types where the coupling between orbital

occupation and spin ordering dominates behavior. AMR in

AFM materials has been predicted and experimentally con-

firmed; but only in tunnel junctions1,3 and at much lower

AMR values in simple ohmic devices4,5 than what we

observe in the compressively strained and near lattice

matched x¼ 0.6 LSMO films. The strong field orientation

results suggest that this material would be a good candidate

for tunnel junction devices where spin coupling across the

interface may give unprecedented response. Future studies

are needed to identify the exact magnetic ordering types

induced by the different strain states and whether mixed

electronic phases may play a role. These studies suggest that

complex oxides may find use in harnessing AMR for AFM

spintronic applications.
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