Nature of antiferromagnetic order in epitaxially-strained multiferroic SrMnQO; thin
films
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Epitaxial films of StMnOgs and bilayers of StMnOs / Lag.67Sro.33MnO3 have been deposited by
pulsed laser deposition on different substrates, namely LaAlO3z (001), (LaAlO3)o.3(Sr2AlTaOs)o.7
(001) and SrTiOs (001), allowing us to perform an exhaustive study of the dependence of antifer-
romagnetic order and exchange bias field on epitaxial strain. The Néel temperatures (Tn) of the
SrMnOs films have been determined by low energy muon spin spectroscopy. In agreement with
theoretical predictions, T is reduced as the epitaxial strain increases. From the comparison with
first-principle calculations, a crossover from G-type to C-type antiferromagnetic orders is proposed
at a critical tensile strain of around 1.6 + 0.1 %. The exchange bias (coercive) field, obtained for
the bilayers, increases (decreases) by increasing the epitaxial strain in the StMnOsg layer, following
an exponential dependence with temperature. Our experimental results can be explained by the
existence of a spin-glass (SG) state at the interface between the SrMnOgs and Lag.¢7Sro.33MnQOs3
films. This SG state is due to the competition between the different exchange interactions present

in the bilayer and favored by increasing the strain in SrMnO3 layer.

PACS numbers: 75.70.-1,75.75.-c, 76.75.4+1

I. INTRODUCTION

Multiferroic materials showing simultaneous magnetic
and ferroelectric ordering have become the subject of in-
tensive research in recent years.!™® The coexistence of
both phenomena in a single-phase material is rare be-
cause the classical mechanisms for ferroelectricity and
magnetism are in most cases independent or even mu-
tually excluding.? The so-called “d’-ness” rule in ferro-
electric perovskites, where the hybridization takes place
between occupied O (2p) orbitals and empty (3d) or-
bitals of the transition-metal cation, makes challenging
the search for magnetoelectric multiferroics showing ef-
ficient coupling between ferromagnetic and ferroelectric
orders, even more at room temperature. These materials
would allow the use of electric fields to control or even
switch magnetization, and conversely magnetic fields to
act on the electric polarization, thus enabling a range of
potentially disruptive magnetoelectric applications like
electric-writing magnetic-reading random access memo-
ries, electrically tunable spintronic and microwave de-
vices, and room-temperature-operation high-sensitivity
magnetic sensors.5

Recent theoretical results predicted that some ABOs3
perovskite oxides, showing no electric or magnetic or-
dering in the bulk, could become multiferroic when
the unit cell volume is increased, as a result of a
strong interaction between the spin ordering and the lat-
tice phonons (so called “spin-phonon coupling”).” One
of the possible mechanisms for that is the epitaxial
strain, that was previously used to induce ferroelec-
tricity in SrTiOs,® induce a ferromagnetic to antiferro-
magnetic phase transition in SrCoQO3,? or turn CaMnOs3
into an incipient ferroelectric.'® The accomplishment of
strain-engineered multiferroism in tensile-strained epi-
taxial EuTiO3 films,'! which become ferroelectric below
250 K and ferromagnetic below 4 K,'? was a major ad-
vancement in the field that opened a radically novel ap-
proach for reaching room-temperature magnetoelectric
effects, specially suited to integrated technologies. How-
ever, magnetoelectric coupling in this perovskite oxide
is fundamentally limited by magnetism and ferroelectric-
ity originating from different lattice sites; namely, from
Eu?t at the A-site and off-centered Ti*t at the B-site,
respectively.”’Next challenge is then both to raise the
magnetic and ferroelectric ordering temperatures and to



increase the magnetoelectric coupling to be able, in a fu-
ture, to use these materials to design functional devices
at room temperature.

Alkaline-earth manganese perovskites are particularly
promising for strain engineering of multiferroism.3:4
The spontaneous polarization is expected to be driven
by the off-centering of the Mn** ion, with d3 elec-
tronic configuration and net magnetic moment; conse-
quently, strong coupling of ferroelectric and magnetic
orderings could be expected. First experimental indi-
cations that this approach might be feasible have been
recently given; ferroelectricity was demonstrated for Ba-
substituted SrMnOs single crystals (in which chemical
pressure was applied by partial substitution of Ba for
Sr),'® and incipient ferroelectricity appeared in highly
strained epitaxial CaMnOs3 films.' In the case of an-
tiferromagnetic (AFM) SrMnOj3 (SMO) a first-principle
study predicted strain-induced ferroelectricity.'® Actu-
ally, the emergence of a polar state in epitaxial films of
SMO grown under a tensile strain of 1.7 % was exper-
imentally demonstrated by second harmonic generation
(SHG) measurements.'”

The crystal structure of bulk SMO in thermodynamic
equilibrium is hexagonal (a-SMO) below 1700 K, and
cubic (3-SMO) above this temperature.'® The cubic per-
ovskite phase can be kept in a metastable state at 300
K,' and has a lattice parameter of 3.805 A.2° Unstrained
cubic SMO shows G-type AFM ordering with 2.6 + 0.2
15 magnetic moment per Mn** atom below its Néel tem-
perature (T ),2%?2 which was reported between 233 K
and 260 K,2°°23 this dispersion being probably caused by
the variable oxygen stoichiometry in the samples.?? Fur-
ther studies showed how the magnetic ordering strongly
depends on the tetragonality (c/a ratio) of the unit
cell.16:22:24 Digcrepancies were found on several reports,
finding, in all cases, changes in the antiferromagnetic or-
dering but at different values of the ¢/a ratio. This work
is focused on the study of Ty in strained thin films, where
it has been predicted not only a change of the AFM order
but a decrease of Ty upon epitaxial strain,'® concomi-
tant with the development of a polar state.'4

To check the validity of the theoretical predictions, in
this paper we report on a comprehensive investigation
of the AFM order of SMO epitaxial thin films grown on
different substrates, thus with different degrees of epitax-
ial strain. The experimental study of AFM ordering in
thin films is challenging due to the large diamagnetic sig-
nal of the substrate in comparison to the film. We have
overcome this problem by determining Néel temperatures
of the different films by means of low energy muon spec-
troscopy (LE-uSR). This technique was successfully used
before to determine the ordering temperature in AFM
thin films such as Las_,Sr,Cu04,2°> TbMnO3,%6 and
Prg.5Cag.5sMnOs.27 Using our results obtained in the case
of SMO and the theoretical calculations extracted from
the literature'®, a temperature-strain magnetic phase di-
agram is proposed.

One possibility to give functionality to the AFM polar

state of SMO films is its coupling with a ferromagnetic
(FM) film at the interface through the exchange bias
effect. To explore this scenario, the Lag g75rg.33MnOg3
(LSMO) system was selected as the FM layer because
of its structural similarity to SMO. By doping SrMnOj3
with La, the system becomes FM in the range of 20 - 40
% La content in bulk, but magnetic properties of man-
ganites not only depend on La doping but on strain as
well.2829 Coupling the FM and AFM order of both ma-
terials by means of exchange bias effect would open the
door to the control of the magnetic properties applying
an electric field in multiferroic heterostructures.>® We re-
port the dependence of this phenomenon on the epitaxial
strain and temperature in SMO / LSMO bilayers.

II. EXPERIMENTAL DETAILS

SMO films were grown by pulsed laser deposition
(PLD) with a KrF laser at a substrate temperature of
850°C using an oxygen pressure of 100 mTorr and a
laser fluence of 1 J/cm?. (001)-oriented single crystal
substrates of LaAlO3 (LAO), (LaAlO3).3(SraAlTaOg)o.7
(LSAT) and SrTiO3z (STO) were used to induce nominal
epitaxial strain values of -0.40 %, 1.67 % and 2.60 %,
respectively. In the case of LSMO layers, the growth was
carried out at 400 mTorr Oy pressure, a substrate tem-
perature of 800°C and a laser fluence of 0.8 J/cm?. The
same substrates induce in this case nominal strains of -
2.07 % (LAO), 0.03 % (LSAT) and 0.88 % (STO). In all
the cases, the films were annealed at 1 bar of oxygen and
800°C during 30 minutes.

The films thickness was determined by means of X-ray
reflectivity (XRR) measurements and fits were performed
by the Leptos software (Bruker AXS) obtaining also the
average density of the strained materials.?!

To study the crystal quality of the films, X-ray diffrac-
tion (XRD) measurements were carried out. First of all,
samples of LSMO and SMO were grown separately on ev-
ery substrate to study their individual properties. Sym-
metric /260 scans around the 002 substrate peak were
performed to measure the out-of-plane lattice parameter
of the films [Fig. 1 (a)] obtaining, in the case of SMO,
values of 3.855 A for the films grown on LAO, 3.775 A
on LSAT and 3.756 A on STO. For the LSMO films, the
values obtained were 4.006 A on LAO, 3.912 A on LSAT
and 3.833 A on STO. All these values are in accordance
with previous works.3? Values lower than 0.03 degrees for
the full width at half-maximum (FWHM) of the rock-
ing curves around the symmetric peaks evidenced a high
crystalline quality in all cases. Reciprocal space maps
(RSM) along the 103 asymmetric reflection (in pseudocu-
bic axes for the case of LSMO) were performed to certify
that films are fully strained (not shown).

LE-uSR. experiments were performed using the low-
energy muon spectrometer at the Paul Scherrer Insti-
tute (PSI), Switzerland.?3 35 The muon energy is tunable
in the range of 0.5 — 30 keV, thus allowing muon im-
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FIG. 1. (Color online) XRD patterns around the symmetric
002 reflection for the SMO and LSMO layers (a) and SMO /
LSMO bilayers (b) grown on LAO, LSAT and STO substrates.

plantation in thin films at specific depths. Monte Carlo
simulations were performed to determine the implanta-
tion depth.?6:37 The measurements were performed in the
temperature range 5 — 300 K. For muon experiments,
10-nm thick SMO films were grown on the three selected
substrates. A bulk sample of cubic SrMnO5 g7 was syn-
thesized according to Tichy et al.*® and used as a test
sample to determine the Néel temperature of unstrained
SMO.

For the exchange bias study, SMO (8 nm) / LSMO (8
nm) bilayers were grown by PLD on LAO, LSAT and
STO substrates. XRD measurements around the sub-
strate 002 peak [Fig. 1(b)] show a diffraction pattern
built up from the interference of two patterns correspond-
ing to different unit cells (of different materials) and their
respective von Laue oscillations (indicating the high crys-
tal quality of both films).

High angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) was performed
in a probe corrected FEI Titan to probe locally the crys-
tal quality of our films. As illustrated in Fig. 2, an
abrupt interface between the different layers is obtained
in all the cases as well as high quality of the films along
the full thickness. Strain maps have been determined
from the STEM images by Geometrical Phase Analy-
sis (GPA)%% and are shown in Fig. 2 for the bilayers
deposited on the three substrates. Out-of-plane and in-
plane distortion maps are shown in the central and right
panel respectively. The in-plane distortion &,,, defined
by the in-plane film (ayf;i,,) and substrate (agups) lattice
parameters as:

A film — Gsubs
Egg = ———020 (1)
Asubs

is zero for the bilayers grown on LSAT and STO [Fig.
2(b) and 2(c)], indicating that both, SMO and LSMO,
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FIG. 2. (Color online) STEM and GPA results for the SMO
/ LSMO bilayers grown on LAO (a), LSAT (b) and STO
(c). Left panels correspond to the HAADF-STEM images of
the region under study. Central and right panels represent
out-of-plane and in-plane distortion maps for the samples,
respectively. The white line shows the averaged distortion
profile (see text for details).

are fully strained. In the case of the bilayer deposited on
LAO [Fig. 2(a)], € is zero for the SMO but €,, ~ 2 %
for the LSMO pointing out that the SMO is fully strained
but the LSMO is partially relaxed, being the in-plane
lattice closer to the bulk value. The formation of misfit
dislocations appears to be the relaxation mechanism, as
evidenced by the singularities observed at the SMO /
LSMO interface in Fig. 2(a). The out-of-plain distortion
map ¢,,, defined by the out-of-plane film (cgym) and
substrate (csups) lattice parameters as:
_ Cfilm — Csubs

ce Csubs (2)
is shown in the central panel for the three bilayers. The
average values estimated from the GPA are in good agree-
ment with the ones obtained from XRD measurements.

Macroscopic magnetic properties of the SMO / LSMO
bilayers were measured by a superconducting quantum
interference device (SQUID, Quantum Design) magne-
tometer. The applied magnetic field was always parallel
to the film plane and along the [100] direction of the sub-
strate. The field-cooled (FC) and zero-field-cooled (ZFC)
magnetization measurements were made on heating from
5 to 400 K, after the sample was cooled from 300 K down



to the selected temperature with and without the mag-
netic field, respectively. The isothermal hysteresis loops
were measured after FC from 300 K under 5000 Oe ap-
plied magnetic field.

III. RESULTS AND DISCUSSION

A. Low Energy muon spectroscopy:
Temperature-strain magnetic phase diagram

In SR experiments positive muons with ~ 100 % spin
polarization are implanted into the sample, where they
stop at interstitial sites within a few picoseconds without
noticeable loss of polarization. Due to the interactions of
the muon spins with internal local magnetic fields B; the
magnetic moments of the muon precess with the Larmor
frequency wr = 2nv = v,B; (v, = 27x 135.5 MHz/T
is the muons gyromagnetic ratio) until they decay with
a lifetime 7,= 2.2 us emitting a positron and two unde-
tected neutrinos. The positron is emitted preferentially
along the muon spin direction at the time of the decay.
The detection of the positron emission rate in counters
aligned along the initial muon spin direction allows one
to monitor the decay rate of the muon spin polarization
along its initial spin direction. The positron emission
rate dN/dt is given by:

N N,
= Ny + IR AGH), ()

Tu

where Nypg is a time-independent background signal,
Ny is a normalization factor, A is the average asymme-
try of the decay angular distribution (typically 0.2 - 0.3)
and G(t) describes the decay rate of the muon spin po-
larization. The + or - signs are appropriate for positron
counters in the direction of, or opposite to, the muon
spin, respectively.

In uSR experiments with bulk materials muons with
energy of ~ 4.1 MeV are used. In this case the mean
stopping depth in condensed matter is ~ 100 pm. In
the case of thin films, LE-uSR uses epithermal muons (~
15 eV) which are created by moderating surface muons.
After reacceleration, applying a voltage to the sample
controls the final muon implantation energy. By tun-
ing the implantation energy between 1 keV and 30 keV,
mean depths between 10 nm and few hundred nanome-
ters can be chosen. Figure 3 displays the normalized
stopping distribution of muons in a SMO film deposited
on a STO substrate for different implantation energies
calculated using the Monte Carlo simulation program
TRIM.SP.?6:37 This Monte Carlo simulation shows that
the lowest muon implantation energy (Ejmp = 1 keV)
yields a mean implantation depth of about 5 nm and
approximately 80 % of the muons stopped at the SMO
film, which is optimal for the study of the 10 nm SMO
films taking into account the density of the material de-
termined by XRR measurements. Substrates of 1/2” x
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FIG. 3. (Color online) The normalized stopping distribution
of muons with different implantation energies (values given in
the inset) of a 10-nm-thick SMO film deposited on a single-
crystal STO substrate calculated using TRIM.SP.3%37 The
lines are a guide for the eye. The dashed line denotes the
position of the interface of the sample with STO substrate.

1/2” in the case of LSAT and LAO and 10 x 10 mm?
in the case of STO were glued onto a nickel-coated alu-
minum plate with silver paint. In addition, an SMO bulk
sample was measured as a reference for the T of the un-
strained material. In this case, a higher implantation
energy was used (Ejnp = 11 keV) in order to increase
the signal-to-noise ratio.

The experiments were performed in ultrahigh vacuum
at a pressure of 102 mbar. To reach temperatures in the
range of 4 to 300 K, a continuous-flow cryostat KONTI
was used. LE-uSR measurements were performed in a
weak transverse magnetic field (wTF) of 10 mT applied
perpendicular to the initial muon spin polarization and
to the film surface in order to obtain the value of Tl .

In a weak transverse field B.,: the data are fit with
the relaxation function G(t) = G (t):

G (t) = fEF cos(v,Bit + ¢)e Mt 4 fIFe et (4)

which designates the paramagnetic part of the muon-spin
polarization. fXF and fI'f reflect the fraction of the
muons having their spin initially transverse and longitu-
dinal to the local magnetic field direction, respectively.

The first term describes the muon precession with fre-
quency w, = 7,85 in the local magnetic field B; at the
muon stopping site, where in our case B; = B, above
and below T. ® is a phase offset due to the spin rotation
of the implanted muons relative to the positron detectors.
The relaxation rate A describes how fast this precession
is depolarized by a distribution or fluctuations of mag-
netic fields (relaxation by static and dynamic effects).
The second term represents the part of non-precessing
muon spins. Relaxation can appear here in the presence
of fluctuating magnetic fields (relaxation only by dynam-
ics).



Above Ty, TT F is at its maximum, since only the ex-
ternal magnetic field is present inside the sample, and
Ar ~ 0.06 us™!, caused by weak nuclear dipolar fields.
Note, that fr, is not zero here, but represents the back-
ground fraction of muons missing the sample and stop-
ping in the Ni backing of the sample holder (40-50% of all
muons, depending on the sample size), where about 1/3
of the muons experience a longitudinal magnetic field,
much larger than B.,: due to the ferromagnetism present
in the Ni coating. For these muons A\; < 0.01 ps—!;

TF = 0 for muons stopping in Ni due to the large in-
ternal magnetic fields causing a very fast depolarization
of muons having their spins transverse to the internal
field®®. Below Ty the internal magnetic fields inside the
sample superimpose on the weak external magnetic field,
leading to a strong dephasing of the precession signal.
This produces a decrease of fZ¥ to a level corresponding
to the nonmagnetic volume fraction of the sample. Note,
that for the 10-nm-thin samples about 20% of the muons
are stopping in the non-magnetic substrates (see Fig. 3),
where they experience only the weak external magnetic
field. We find the same value for the internal field as
above Ty, i.e. B; = By, whereas the depolarization
rate Ay increases by a factor 2-3 at low temperatures
(< 100 K), which we attribute to the presence of static
stray fields in non-magnetic volumes of the SMO films,
originating from the anti-ferromagnetic volumes nearby.
A decrease in f-F with a simultaneous increase in f1 %
probes static magnetism.

Figure 4 shows the transverse fraction fZ% as a func-
tion of the temperature for the bulk SrMnQOs g7 refer-
ence sample. The data are normalized to the values
in the paramagnetic regime at 300 K. The magnetic
transition temperature T was defined after the max-
imum at the derivative of the transverse fraction data
fEE/fTF(300K) (T). This yields a transition tempera-
ture value Ty = 227(1) K which is close to the reported
values of Ty for the bulk sample (from 233 K to 260 K
depending on authors?23).

Figure 5 shows transverse fraction f2%" as a function of
the temperature for the 10-nm thick SMO films on LAO,
LSAT and STO. The data are normalized to the values
at 300 K. Contrary to the bulk material, the thin films
do not exhibit a sharp transition at T but a broad de-
cay in temperature. Such a broad decay in the transverse
fraction can be associated to a distribution of transition
temperatures due to the existence of ordered oxygen va-
cancies in the films!”. These vacancies would modify the
superexchange paths yielding local changes in T. Ac-
cording to this scenario, T is obtained by fitting the
derivative curve of the data with a Gaussian curve and
taking its center as T (Stlip et al.)?>. The correspond-
ing values for the magnetic transition temperature T
are listed in Table I. The results show that T decreases
as tensile stress increases.

The values of Ty determined from wTF LE-uSR mea-
surements (red dots) and the predicted dependence ob-
tained by Lee et al.1® (black dots and black continuous
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FIG. 4. (Color online) The transverse f+* fraction as a func-
tion of temperature determined in an external transverse mag-
netic field of 10 mT for Ejpp = 11 keV, normalized to the
fraction at 300 K for bulk SMO. The arrow shows the bulk
magnetic ordering temperature Ty = 227 K.

TABLE 1. Values of T obtained from weak transverse field
LE-uSR data for the 10 nm thick SMO films with different
strains and the bulk SMO sample used as a reference.

Sample Strain (%) Tn (K)
LAO // SMO 0.4 224 (8)
Bulk 0 227 (1)
NGO // SMO * 14 196
LSAT // SMO 1.7 171 (4)
STO // SMO 2.6 180 (13)

a Obtained from Nakao et al.4!

line) are shown in Fig. 6. The experimental Ty decreases
with increasing the epitaxial strain, that is in qualita-
tive agreement with the predictions.'® In a direct com-
parison, the experimental value of T obtained for the
bulk sample does not fit with the predicted value for the
unstrained SMO'6.For this reason, we propose a model
where the predicted tendency is shifted 4+ 17 K to fit the
bulk experimental value. With our proposed model, the
Néel temperatures for the films grown on LAO and LSAT
follow qualitatively the theoretical prediction. Moreover,
the theoretical model predicts a crossover in the AFM or-
der from G-type to C-type at an epitaxial strain of 2 %.
After this change, Ty remains almost constant.In order
to explain the experimental Néel temperature obtained
for the STO // SMO film, we propose that the transition
between G and C antiferromagnetic orders takes place at
an epitaxial strain of around 1.6 + 0.1 % (see shadow re-
gion for our proposed model and black dashed line for the
theoretical predictions'® in Fig. 6), slightly lower than
the theoretically predicted of 2 %. As predicted by the
model, Ty remains almost constant for strains slightly
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FIG. 5. (Color online) The transverse f+* fraction as a func-
tion of temperature determined in an external transverse mag-
netic field of 10 mT for E;p,p = 1 keV, normalized to the frac-
tion at 300 K for 10 nm thick SMO film on LAO (a), LSAT
(b) and STO (c). The dashed line denotes the bulk magnetic
ordering temperature obtained from the present wTF pSR
measurements and the arrows the Néel Temperatures deter-
mined at the maximum slope.

above this value. It is noteworthy that other criterion to
obtain Tn2” would yield a different value for the tran-
sition temperature and this would shift the T in Fig.
6. However, those values would follow qualitatively the
theoretical prediction.

The proposed dependence of T on strain is fur-
ther supported from previous neutron diffraction exper-
iments performed on epitaxial SMO thin films grown
on NdGaOs (NGO), with a lattice parameter close but
smaller than LSAT, obtaining a G-type AFM order and
a Néel temperature of 190 K.4! NGO is orthorhombic
and induces strain levels of 1.28 % and 1.52 % along the
a and b axis on the SMO film. Considering an average
strain of 1.4 %, the AFM type order and the value of
Tn obtained from neutron experiments (blue star in Fig.
6) is in good agreement with our proposed phase dia-
gram. Summarizing, we have determined the Néel tem-
peratures of SMO films under different epitaxial strains,
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FIG. 6. (Color online) Values of Tx for SMO thin films as a
function of the strain as inferred from LE-uSR experiments
(red dots). Black dots (and black continuous line) represent
the theoretical predictions from Lee et al.!® The red line de-
notes our proposed model, and the blue star represents T'n
of SMO on NGO obtained by Nakao et al.*! Dotted black
line represents the threshold value between different AFM or-
dering determined by Lee et al.,'® and shadow red area our
proposed model.

and a temperature-strain magnetic phase diagram is pro-
posed. Our experimental results support the theoretical
prediction of a decrease of Ty with increasing strain and
a change of the AFM order from G-type to C-type at a
critical strain of 1.6 &+ 0.1 %.

B. Exchange bias in SMO / LSMO bilayers

As a first step we have characterized the magnetic
properties of the FM LSMO layer in the bilayers under
study. The contribution of the SMO layer to the overall
magnetization of the bilayer is negligible at the magnetic
fields applied in this work due to its AFM character. The
magnetization curves as a function of temperature, mea-
sured while warming up at an applied magnetic field of 5
kOe after zero-field cooling and 1 kOe field cooling, are
shown in Fig. 7 for the bilayers grown on the three sub-
strates. The Curie temperatures (T¢) obtained are 308
+ 5K, 334 £ 5 K and 348 £+ 3 K for the samples de-
posited on LAO, LSAT and STO, respectively (the value
corresponding to the bulk material is To = 370 K*2).
The dependence of T on the epitaxial strain induced by
the substrate (-2.07 % on LAO, 0.03 % on LSAT and
0.88 % on STO) is in good agreement with the model
proposed by Millis et al.*> and the experimental values
obtained by Adamo et al.3? It is worth mentioning that
the increase in the magnetization observed at low tem-
peratures for the film grown on LSAT [Fig. 7(b)] is due
to the contribution of paramagnetic impurities present in
the bare substrates. The derivatives of the ZFC measure-
ments are presented in the inset of Fig. 7. For the films
grown on LSAT and STO weak anomalies appear at T
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FIG. 7. (Color online). ZFC and 1 kOe FC magnetization
curves measured during warming at 5 kOe for the bilayers
grown on LAO (a), LSAT (b) and STO (c). ZFC derivative is
plotted in the insets. Measured Tn by LE-uSR and obtained
Tc are indicated by arrows.

~ 175 K and can be associated to ordering temperatures
of the SMO layer, in good agreement with our previous
LE-uSR experiments. For the film grown on LAQO, the
possible anomaly is hidden by a higher slope of the curve
at the expected Ty.

The isothermal low-temperature hysteresis loops mea-
sured under ZFC of LSMO monolayers with the magnetic
field applied along the [100] axis for the three substrates
studied in this work are presented in Fig. 8. The hys-
teresis loops have been measured from -50 to +50 kQOe,
but for clarity only the data between -1.5 and 1.5 kOe
are shown. For the film grown on the LAO substrate,
our measurement clearly shows the presence of perpen-
dicular magnetic anisotropy at low temperature and a
saturation magnetization (at 50 kOe) ~ 320 emu/cm?
much lower than the value observed in bulk LSMO.4? In
the case of our LSMO films grown on LSAT and STO,
they show in plane magnetic anisotropy, and a saturation
magnetization value (at fields higher than 20 kOe) of 534
+ 5 emu/cm?, corresponding to a value of 3.29 + 0.03
up/fu. (per formula unit), in agreement with the spin-
only theoretical value 3.33 pp/f.u. and the experimental
bulk LSMO magnetization.*? Such a dependence of both

the magnetic anisotropy and saturation magnetization on
strain is in full agreement with previous works.?®

We also present in Fig. 8, at the same magnetic field
range, the hysteresis loops of the SMO / LSMO bilayers
measured after cooling down at an applied magnetic field
of 5 kOe. An evident change of the magnetic anisotropy
takes place for the SMO / LSMO bilayer with respect
to the LSMO single film grown on LAO. In the case of
the bilayer, the magnetic anisotropy is easy plane and
the saturation magnetization is 532 + 5 emu/cm?® cor-
responding to 3.29 £+ 0.03 up/fu., equal to the value
obtained in the LSMO single films grown on LSAT and
STO. This change in the magnetic properties observed
in SMO / LSMO bilayers is related to the partial relax-
ation of the epitaxial strain observed in the XRD mea-
surements and reflected in the change of the out-of-plane
lattice parameter from 4.008 A, in the single layer, to
3.945 A, for the bilayer, (Fig. 1) and corroborated by
GPA in-plane strain analysis where it is shown that the
LSMO film is relaxed [Fig. 2(a)]. This strain effect is
also observed in the value of T obtained in our LAO
// SMO / LSMO bilayer (T¢ =~ 308 K), higher than the
previously reported value in LAO // LSMO single layer
of ~ 280 K.3?

Analyzing the results obtained at 5 K (Fig. 8), an in-
crease of the coercive field in all the samples was observed
as well as a shiftin the magnetic loop opposite to the ap-
plied magnetic field. This behavior correspond to the
typical exchange bias effect occurring in hysteresis loops
of FM / AFM bilayers that are exchange coupled after
field cooling below the Néel temperature of the AFM
layer. 4445

This shift in the coercive field strongly depends on the
strain of the films (Fig. 9). The exchange bias field is
defined as Hpp = |Hy + H_|/2 where H; and H_ de-
note the right and left coercive field respectively. Hgp
increases as the strain on the SMO layer increases, chang-
ing from 20 Oe for a strain of -0.40 % (LAO) to 135 Oe
for 2.61 % (STO). Furthermore, the enhancement of the
coercive field, defined as He = |H; — H_|/2, observed
in the SMO / LSMO bilayers compared to the single
LSMO layers agrees with the existence of a FM - AFM
exchange coupling. In Fig. 9 we can observe that H¢
decreases as the strain on the SMO layer increases. This
behavior can be associated to the well-known dependence
of the coercive field on strain through a stress-induced
anisotropy.28:46

In the case of G-type or C-type AFM orders of the
SMO layer proposed from our LE-uSR experiments, no
pinning effects of the FM LSMO layer is expected due
to spin compensated structure of the SMO monolayers.
Therefore, the exchange bias effect observed must be as-
sociated to a decompensation on the spin structure at
the SMO / LSMO interface. The exchange bias effect in
LSMO / SMO bilayers and LSMO / SMO / LSMO tri-
layers, deposited on (001)-oriented STO substrates, has
been deeply studied by Ding et al*” and Jungbauer et
al.*® respectively. In both cases, the existence of ex-
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change bias effect has been explained by assuming the ex-
istence of a spin-glass (SG) state at the interface between
the LSMO and SMO layers. The origin of the interfacial
SG state is associated to the competition between the
AFM superexchange interaction in the SMO layer and
the FM double-exchange interaction in the LSMO layer
through the interfacial exchange coupling.*”

This scenario is supported in our work by the ob-
served exponential dependence of thermal variation of
Hgp and He for the three bilayers studied (see Fig. 10).
Such a behavior is considered as a fingerprint that the
origin of the Hgp and H¢ is due to the existence of
spin frustration, and has been previously reported not
only in LSMO / SMO bilayers*” and LSMO / SMO /
LSMO trilayers,*® but also in other systems, such as Ni
/ Ni76Mn24,49 Lal,zCamenOg FM (X:033) / AFM
(0.67) multilayers®® and Co / CuMn bilayers.’! In Fig.
10 we show the fits for the temperature dependence of
Hgp and He performed in our SMO / LSMO bilayers
grown on LAQO, LSAT and STO using the phenomeno-
logical formulas

Hgp = HJ%Be_T/T1 and He = ng_T/TQ (5)
where H% 5 and Hg are the extrapolation of Hgp and
He at zero temperature; T and T5 are constants. In all
the cases, Hgp vanishes at around 100 K being this tem-
perature much lower than the Néel temperature of SMO
determined by LE-uSR spectroscopy and associated with
the existence of a blocking temperature above which the
AFM order of SMO cannot maintain an unidirectional
anisotropy.*”

The presence of an interfacial SG state can also ex-
plain the observed increase of Hgp as the strain on the
SMO layer increases. From the magnetic hysteresis loops
shown in Fig. 8 we observe that the magnetization is not
depressed in the SMO / LSMO bilayer compared with
the corresponding LSMO film. At the same time, these
results indicate that the SG state takes place, at least
mainly, in the SMO layer, being the magnetization of the
LSMO layer almost undisturbed in the bilayers. By in-
creasing the lattice parameter of the substrate, the strain
on the SMO layer increases, T decreases and a reduc-
tion of the AFM super-exchange interaction takes place.
In the opposite side, by increasing the substrate lattice
parameter, T of LSMO increases producing an increase
of the FM double-exchange interaction. Assuming that
the SG state is associated to the competition between
the AFM super-exchange interaction in the SMO layer
and the FM double-exchange interaction in the LSMO
layer through the interfacial exchange coupling, an in-
crease of the substrate lattice parameter favors the ex-
istence of the interfacial SG state in the SMO layer as
the AFM super-exchange interaction is decreased and the
FM double-exchange interaction is increased disturbing
the AFM order of the SMO layer at the interface.

An exhaustive study of the exchange bias effect using
SG has demonstrated that Hgp increases by increasing
the SG layer thickness.”’ We suggest that a similar be-



(b) LSAT

200

100

0 50 100 150 200 250 300
T (K)

FIG. 10. (Color online) Thermal dependence of Hgp and He
fields (obtained from isothermal hysteresis loops as a function
of temperature (not shown)) of the bilayers grown on LAO
(a), LSAT (b) and STO (c) after cooling down the sample
from 300 K to the selected temperature in a magnetic field of
5 kOe. The solid lines are fits to the exponential temperature
dependences for SG behavior shown in Eq. 5. The insets
show both, the temperature dependence of Hgp and Hc and
the obtained fits in logarithmic scale (see text for details).

havior takes place in our films: by increasing the sub-
strate lattice parameter, the SG state is favored by the
competition between the different exchange interactions
and therefore, the thickness of the SG layer (tsg) is in-
creasing, being tsq rao < tsq,rsar < tsq,sTo and con-
sequently, Hegp rao < Hpgprsar < Hgpsro- This
idea is in good agreement with our M(T) curves (see
Fig. 7). For the bilayers deposited on LAO and LSAT,
the ZFC and FC branches are equal within the exper-
imental error. The bilayer deposited on STO shows a
clear irreversibility between the ZFC and FC curves in-
dicating a thicker SG layer respect to the previous one.
The existence of a SG layer at the interface of the SMO /
LSMO bilayer can be also favored by the presence of oxy-
gen vacancies. The cell volume of SMO films increases by
increasing the strain. This fact can be related to the pres-
ence of oxygen vacancies which enlarge the out-of-plane

lattice parameter since Mn3" cation is larger than Mn*+.
The ordering of these vacancies at the interface!”52:53 can
act as local defects at the surface frustrating the magnetic
interactions and inducing an SG effect on the material.
Since oxygen vacancies are believed to further increase
when strained,!”%2 this effect should be enhanced as the
lattice parameter of the substrate increases.

Although this model explains satisfactorily our ex-
perimental results, other possible explanations cannot
be completely discarded. Other theoretical works pro-
pose that the exchange bias is driven by Dzyaloshinskii-
Moriya exchange interactions at the ferroelectric per-
ovskite interfaces.?* Moreover, the possible existence of
A-type AFM order in the SMO perovskite, under elec-
tron doping and tensile strain, has been also predicted
theoretically???4 and would lead to a strong exchange
bias effect. More studies and experiments, mainly at the
interface are needed to elucidate the real magnetic struc-
ture at the SMO / LSMO interface.

IV. CONCLUSIONS

We have presented an exhaustive study of the mag-
netic properties of epitaxial SMO and SMO / LSMO bi-
layers deposited on different substrates under different
strains. From wTF LE-pSR spectroscopy, the depen-
dence of the Néel temperature with the strain has been
obtained and, by comparison with theoretical calcula-
tions, a temperature-strain magnetic phase diagram has
been proposed. Our experimental results suggest the ex-
istence of a cross-over between G-type and C-type AFM
orders at a critical strain ~ 1.6 & 0.1 %. The dependence
of Hpp with temperature and strain has been studied
and explained assuming the existence of an SG state at
the interface between the LSMO and SMO layers. The
observed increase of Hgp with increasing strain in SMO
films has been associated to an increase of the thickness
of the SG layer due to the weakening of the AFM order
in the SMO interface.
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