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We demonstrate tuning of magnetocrystalline anisotropy in high-quality Sr2FeMoO6 epitaxial films

over a range of several thousand Gauss using strain induced by epitaxial growth on substrates of varying

lattice constants. Spectroscopic measurements reveal a striking, linear dependence of the out-of-plane

anisotropy on the strain-induced tetragonal distortion of the Sr2FeMoO6 lattice. This anisotropy can be

tuned from þ2000 to �3300 Oe, a range sufficient to rotate the easy axis from in plane to out of plane.

Combined with its half-metallicity and high Curie temperature, this result implies a broad range of

scientific and technological applications for this novel spintronic material.
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Magnetization orientation is widely used for information
processing and storage applications [1]. There is wide-
spread interest in discovering methods that could grant
efficient, local control of magnetization. Ferro- or ferri-
magnets (FM) with a strong magnetocrystalline anisotropy,
in which spin-orbit interactions couple magnetization to a
crystalline structure, offer a promising route to achieving
this capability. High-quality epitaxial FM films are desir-
able for technological applications using strain-tunable
magnetocrystalline anisotropy to control magnetization
orientation. Half-metallic double perovskite Sr2FeMoO6

(SFMO) is an attractive material [2–10] for the study and
application of magnetocrystalline anisotropy due to its high
spin polarization, high Curie temperature (TC) (well above
room temperature), and relatively strong spin-orbit cou-
pling provided by the 4d transition metal Mo.

We have succeeded in growing high-quality Sr2FeMoO6

epitaxial films [10] that, in addition to enabling detailed
studies, provide a robust platform for technological appli-
cations. The fabrication of Sr2FeMoO6 epitaxial films
[6–10] has been extensively studied. However, their chemi-
cal complexity and strict reduction or oxidation require-
ments make it very difficult to deposit Sr2FeMoO6 films of
sufficient quality to reveal intrinsic properties [11–13].
Moreover, almost all reported Sr2FeMoO6 film fabrication
has employed a single substrate, SrTiO3 (STO), for which
the lattice mismatch� ¼ ðas � afÞ=af with Sr2FeMoO6 is

�1:1%, where as and af are the in-plane lattice constants

of the substrate and unstrained films, respectively. Given
the relatively strong spin-orbit coupling in Sr2FeMoO6,
one may expect magnetocrystalline anisotropy to be
sensitive to structural distortion that can be induced and
controlled by epitaxial strain. In particular, this can enable
the large strain-induced out-of-plane magnetocrystalline
anisotropy needed to produce perpendicularly magnetized
FM films that can serve as perpendicular polarizers for a
spin-transfer-torque device with low critical current [14]
for nonvolatile memory [15] and spin-torque oscillator

devices [16]. Shape anisotropy dictates in-plane magn-
etization for most FM films, while only a handful of
films and heterostructures exhibit out-of-plane anisotropy.
Continuous strain control of magnetocrystalline anisotropy
promises to expand the family of such films available for
strain-tuned magnetization as well as perpendicular polar-
izers. Magnetocrystalline anisotropy has been investigated
in thin films of metals, dilute magnetic semiconductors,
and La0:7Sr0:3MnO3 [17–21]. Tunable magnetic anisotropy
was observed below 100 K in GaMnAs by epitaxial
strain [19] and in GaMnAsP by varying the phosphorous
content [20]. However, the correlation between magnetic
anisotropy and strain-induced lattice distortion has not
been systematically studied. Here we report growth of
Sr2FeMoO6 epitaxial films on a selected set of single-
crystal substrates and buffer layers to create a range of
strain-induced tetragonal distortion in Sr2FeMoO6 films
and measurements of their out-of-plane magnetocrystalline
anisotropy by ferromagnetic resonance (FMR).
Epitaxial Sr2FeMoO6 films with thicknesses t varying

from 50 to 200 nm were grown using a new sputtering
technique [10,22,23]; this range of thicknesses spans from
fully strained (50 nm) to nearly relaxed (200 nm) films. For
Sr2FeMoO6 films below 50 nm, the average film quality
decreases because it takes several nm to fully establish the
Fe=Mo ordering during early stages of film growth, result-
ing in an Fe=Mo disordered layer several nm thick near the
interface. Four different (001)-oriented substrates or buffer
layers have been used to enable tuning of the lattice mis-

match with Sr2FeMoO6 (bulk a ¼ 3:947 �A): (1) SrTiO3,
(2) a fully strained Sr2CrNbO6 (SCNO) buffer layer on
SrTiO3, (3) a Sr2GaTaO6 (SGTO) buffer layer on SrTiO3,
and (4) a fully relaxed Sr2CrNbO6 buffer layer on
ðLaAlO3Þ0:3ðSr2AlTaO6Þ0:7 (LSAT). The lattice constants
of the four substrates or buffer layers were measured
by high resolution x-ray diffraction (XRD); the lattice
mismatch and the sign of the strain with respect to
Sr2FeMoO6 are shown in Table I. All buffer layers are
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around 100 nm thick. The magnetizations of the films were
measured using a superconducting quantum interference
device (SQUID) magnetometer and a vibrating sample
magnetometer (VSM).

XRD clearly demonstrates the importance of a substrate
or buffer layer on the crystalline quality and strain relaxa-
tion of the Sr2FeMoO6 films. Figure 1 shows representative
�-2� scans of the Sr2FeMoO6 films with t ¼ 100 and
200 nm grown on SrTiO3, Sr2CrNbO6=LSAT, and
Sr2GaTaO6=SrTiO3. For Sr2FeMoO6 films grown on
SrTiO3 [Fig. 1(a)], the relatively large lattice mismatch
(� ¼ �1:1%, compressive) elongates the out-of-plane
lattice constant c, resulting in a tetragonal distortion. The
in-plane lattice constants að¼ bÞ were measured using
off-axis XRD scans on the Sr2FeMoO6 (022) peaks.
The tetragonal distortion (tetragonality � ¼ ðc� aÞ=a)
decreases from 1.7% for the 100-nm-thick film

(a ¼ 3:915 �A, c ¼ 3:981 �A) to 0.41% for the 200-nm

film (a ¼ 3:941 �A, c ¼ 3:957 �A).
The Sr2CrNbO6 buffer layers grown on LSAT

(a ¼ 3:868 �A) are fully relaxed for all thicknesses
[Fig. 1(b)] due to the larger lattice mismatch between

bulk Sr2CrNbO6 (a ¼ 3:944 �A) and LSAT. Because the
in-plane lattice constants of Sr2CrNbO6 and Sr2FeMoO6

are nearly identical, the Sr2FeMoO6 films on Sr2CrNbO6=
LSAT are essentially strain free. These samples serve as
the ‘‘origin’’ in the strain tuning of the magnetoelastic
coupling. The Sr2FeMoO6 films grown on Sr2GaTaO6

buffer layers (a ¼ c ¼ 3:970 �A, �¼þ0:58%) on SrTiO3

[Fig. 1(c)] show a small tetragonal distortion with an

expanded a¼3:963 �A and a compressed c ¼ 3:935 �A for
the 200-nm-thick film. The satellite peaks in Figs. 1(b) and
1(c) are XRD Laue oscillations, which indicate highly
uniform films having smooth surfaces and sharp interfaces.
The Sr2CrNbO6 buffer layers on SrTiO3 (not shown) were

fully strained with a ¼ 3:905 �A (same as SrTiO3) and c¼
3:988 �A. Consequently, the lattice constants of Sr2FeMoO6

films grown on Sr2CrNbO6=SrTiO3 are almost identical to
those grown directly on SrTiO3.
Strain also plays a dominant role in determining the

crystalline quality and uniformity of the Sr2FeMoO6 films
as shown by the full width at half maximum (FWHM) of
the XRD rocking curves in the insets to Fig. 1 for the
Sr2FeMoO6 (004) peaks. The FWHM decreases from
0.129� to 0.057� and 0.015� for Sr2FeMoO6 films on
SrTiO3, Sr2GaTaO6, and Sr2CrNbO6=LSAT with lattice
mismatch of �1:1%, 0.58%, and 0.076%, respectively.
Clearly, the nearly perfect lattice matching between
Sr2CrNbO6=LSAT and Sr2FeMoO6 enables the highest
crystalline quality.
Figure 2 shows the lattice constants a and c for all the

Sr2FeMoO6 films grown on the four substrates or buffer
layers for 50 � t � 200 nm. For Sr2FeMoO6 films on
SrTiO3 and fully strained Sr2CrNbO6=SrTiO3, the lattice
constants show a clear strain relaxation as t increases with
a quasilinear dependence, while the Sr2FeMoO6 lattice
evolves from tetragonal (c > a) to cubic. One notes
that a and c change in opposite directions during strain
relaxation in order to minimize volume change of the
Sr2FeMoO6 lattice. The Sr2FeMoO6 films at 50 nm are

almost fully strained with a ¼ 3:908 �A and become fully

relaxed at 200 nm with a ¼ 3:944 �A. For Sr2FeMoO6

TABLE I. Lattice parameters, lattice mismatch and sign of strain due to buffer layers and
substrates used to grow epitaxial Sr2FeMoO6 (bulk a ¼ c ¼ 3:947 �A) films.

Buffer layer/Substrate að¼ bÞ ( �A) c ( �A) Lattice mismatch Sign of strain

SrTiO3 3.905 3.905 �1:1% Compressive

Sr2GaTaO6=SrTiO3 3.970 3.970 0.58% Tensile

Sr2CrNbO6=LSAT 3.950 3.944 0.076% Tensile

Sr2CrNbO6=SrTiO3 3.905 3.988 �1:1% Compressive
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FIG. 1 (color online). Semilog �-2� XRD scans of the
Sr2FeMoO6 films with thicknesses of 100 nm (red) and
200 nm (blue) grown on (a) SrTiO3, (b) Sr2CrNbO6=LSAT,
and (c) Sr2GaTaO6. The insets give the FWHM of rocking
curves for the 100-nm Sr2FeMoO6 films: 0.129� (SrTiO3),
0.015� (Sr2CrNbO6=LSAT), and 0.057� (Sr2GaTaO6).
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films on Sr2CrNbO6=LSAT, because of the near perfect
lattice match, the Sr2FeMoO6 lattice is essentially cubic
and strain free for all thicknesses. The Sr2FeMoO6 films on
Sr2GaTaO6=SrTiO3 show a slight strain relaxation with an
expanded in-plane lattice constants (c < a). At t ¼ 50 nm,
the Sr2FeMoO6 film is fully strained to Sr2GaTaO6 with

a ¼ 3:970 �A.
Ferromagnetic resonance (FMR) spectroscopy was used

to measure the magnetic anisotropy of our Sr2FeMoO6

films at 9.60 GHz with 0.2 mW input microwave power
at various angles �H between the dc magnetic field H and
the film normal [inset to Fig. 3(a)]. Fig. 3(a) shows four
representative FMR spectra from a 50-nm Sr2FeMoO6 film
on Sr2CrNbO6=LSAT at �H ¼ 0�, 30�, 50�, and 90�. The
resonance field is defined as the field where the derivative
of the FMR absorption crosses zero. Fig. 3(b) shows the
angular dependence of the resonance field from out of
plane (�H ¼ 0�) to in plane (�H ¼ 90�) for the 50-nm
Sr2FeMoO6 films on four different substrates or buffer
layers, which evolves systematically as the lattice mis-
match varies from � ¼ �1:1% to þ0:58%. One notes
that for Sr2FeMoO6=Sr2GaTaO6, the resonant field is
maximum at �H ¼ 90� (in plane), indicating that the
magnetic easy axis is out of plane in spite of magnetic
shape anisotropy. The magnetization can be quantitatively
characterized by considering the total free energy density
F including Zeeman energy and anisotropy contributions.
For a material with tetragonal symmetry [24,25]:

F ¼ �H �Mþ 1

2
M

�
4�Meffcos

2�� 1

2
H4?cos4�

� 1

8
H4kð3þ cos4�Þsin4��H2ksin2�sin2

�
�� �

4

��
;

(1)

where � and � are angles describing the orientation of the
equilibrium magnetization (M) with respect to the film
normal and in-plane easy axes, respectively [inset to
Fig. 3(a)]. The first term in Eq. (1) is the Zeeman energy

and the second term is the effective demagnetizing energy
including both the shape anisotropy (4�Ms) and out-of-
plane uniaxial anisotropy H2?: 4�Meff ¼ 4�Ms �H2?.
BecauseMs varies from sample to sample due to the effects
of thickness and lattice mismatch on film quality, it was
measured for each Sr2FeMoO6 film by magnetometry. The
remaining terms are out-of-plane cubic anisotropy (H4?),
in-plane cubic anisotropy (H4k), and in-plane uniaxial

anisotropy (H2k).
The equilibrium orientation (�, �) can be obtained by

minimizing the free energy, and the FMR resonance fre-
quency ! in equilibrium is given by [24–26]:

�
!

�

�
2 ¼ 1

M2sin2�

�
@2F

@�2
@2F

@�2
�

�
@2F

@�@�

�
2
�
; (2)

where � ¼ g�B=" is the gyromagnetic ratio. BecauseM is
not, in general, parallel to H due to shape anisotropy, we
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FIG. 2 (color online). Thickness dependence of (a) the in-
plane lattice constant a and (b) out-of-plane lattice constant c
of the Sr2FeMoO6 films grown on SrTiO3, Sr2CrNbO6=SrTiO3,
Sr2CrNbO6=LSAT, and Sr2GaTaO6.
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FIG. 3 (color online). (a) Room-temperature FMR derivative
spectra for a 50-nm Sr2FeMoO6 film on Sr2CrNbO6=LSAT at
�H ¼ 0�, 30�, 50�, and 90� (Inset: coordinate system used for
FMR measurement and analysis) (b) Angular dependence (�H)
of the resonance fields for the 50-nm Sr2FeMoO6 films
grown on SrTiO3, Sr2CrNbO6=SrTiO3, Sr2CrNbO6=LSAT, and
Sr2GaTaO6. The fitting (solid curves) was performed using
Eqs. (1) and (2) to obtain 4�Meff , from which H2? was deter-
mined for each film. (c) H2? of all the Sr2FeMoO6 films as a
function of �=t (mismatch/thickness). The solid line is the least-
squares fit to all the data points excluding the two on the very left
and the one on the far right (t ¼ 50 nm for all three points).
(d) H2? vs tetragonality ðc� aÞ=a of the Sr2FeMoO6 films. All
the experimental data fall nicely onto a straight line, indicating
strain-induced magnetocrystalline anisotropy. (e) Anisotropy
energy Eani as a function of tetragonality.
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used a numerical procedure to obtain the equilibrium angle
at resonance condition [27,28]. Our experimental data
for the resonance field as a function of �H were fit to the
expression for the free energy density at resonance
to determine 4�Meff , H4?, H4k, H2k, and g factor.

Figure 3(b) shows that the fitting curves agree with the
experimental data very well and that 4�Meff is obviously
different for Sr2FeMoO6 films grown on the four substrates
or buffer layers, while the other anisotropy termsH4k,H2k,
and H4? are substrate-independent and comparatively
small. To illustrate the effect of strain on magnetic aniso-
tropy, Fig. 3(c) shows the linear dependence of H2?
(calculated from 4�Meff and Ms) on lattice mismatch �
and the inverse of film thickness t, reflecting the evolution
of H2? as strain relaxes (depending on both � and t). Most
of the experimental data fall on a line except for the
three points for the 50-nm Sr2FeMoO6 films on SrTiO3,
Sr2CrNbO6=SrTiO3, and Sr2GaTaO6, because at 50 nm,
the Sr2FeMoO6 films are below the critical thickness and
fully strained as shown in Fig. 2.

This sensitivity of magnetocrystalline anisotropy to
lattice symmetry highlights a key result of our study:
the striking proportionality of H2? to the tetragonality of
the Sr2FeMoO6 lattice over a broad range (� 0:93%<
ðc� aÞ=a <þ2:0%),

H2?¼ð32�60Þ�ð162:7�5:9Þ�103�½ðc�aÞ=a�ðOeÞ

as shown in Fig. 3(d), demonstrating a fundamental rela-
tionship between magnetocrystalline anisotropy and lattice
symmetry.

The strain-induced anisotropy arises from the magne-
toelastic effect [29,30] in which a change in interatomic
distances alters the magnetic properties through spin-orbit
coupling. The magnetoelastic energy density is given by
F ¼ ��bcos2�, where b is the magnetoelastic constant,�
the tetragonality ðc� aÞ=a, and � the angle between M
and strain direction. When M is along the [001] direction,
F ¼ ��b. Figure 3(e) shows the linear dependence of
anisotropy energy,

Eani ¼ � 1

2
MH2?; (3)

on tetragonality for all Sr2FeMoO6 films, from which a
least-squares fit gives,

Eani ¼ ð�5:0� 4:6Þ � 103 þ ð92:9� 4:5Þ � 105

� ½ðc� aÞ=a�ðerg=cm3Þ:

The slope of the line in Fig. 3(e) gives �b ¼
ð92:9� 4:5Þ � 105 erg=cm3. The negative value of b
implies that the magnetic easy axis is parallel to

the short axis of the tetragonal lattice. The ability to
tune the magnetization using both thickness and
substrates brings in precise control in fabricating a spin-
tronic device.
The variation of H2? with tetragonal distortion of

Sr2FeMoO6 results in evolution of the total magnetic an-
isotropy and, most interestingly, perpendicular anisotropy
in Sr2FeMoO6 films on Sr2GaTaO6=SrTiO3 by overcoming
the demagnetizing field (see the magnetic hysteresis loops
in Fig. S1, Supplemental Material [31]). The saturation
field (Hs) of the out-of-plane hysteresis loops depends on
4�Meff ¼ 4�Ms �H2?. For a 100-nm Sr2FeMoO6 film
on SrTiO3 [Fig. S1(a)], 4�Ms ¼ 1343 Oe and H2? ¼
�2737 Oe, resulting in a 4�Meff ¼ 4080 Oe, which
matches well with the Hs of the out-of-plane hysteresis
loop. For Sr2FeMoO6=Sr2CrNbO6=LSAT [Fig. S1(b)],
H2? is almost zero and 4�Meff � 4�Ms ¼ 1525 Oe,
which agrees with the observed Hs. For Sr2FeMoO6=
Sr2GaTaO6 [Fig. S1(c)],H2? ¼ þ1753 Oe, which is large
enough to compensate the demagnetizing field 4�Ms ¼
1430 Oe, resulting in a negative 4�Meff ¼ �323 Oe and,
consequently, an out-of-plane easy axis. Thus we have
demonstrated the ability to shift the magnetic easy axis
from in plane to out of plane via epitaxial strain in
Sr2FeMoO6.
The strong magnetocrystalline anisotropy and high TC

in Sr2FeMoO6 and other compounds (e.g., containing
5d transition metals) with strong spin-orbit coupling
provide unique opportunities for studying strain-induced
magnetoelastic coupling and point toward potentially
important spintronic applications that build on the
ability to control magnetism through modification of
lattice parameters. FMR measurements reveal a surpris-
ingly straightforward linear dependence of magnetocrys-
talline anisotropy on the tetragonality of Sr2FeMoO6,
implying the opportunity to gain detailed understanding
of the magnetoelastic interaction that will enhance the
value of this material for spintronics research and tech-
nology. Our results demonstrate that the magnetocrystal-
line anisotropy can be tuned through strain engineering
over a broad range of values sufficient to switch from
in-plane to out-of-plane magnetization states even in
zero applied fields. This implies that Sr2FeMoO6 films
grown on piezoelectric substrates or underlayers could
be electrically switched for novel room-temperature
spintronic applications.
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