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Strain-tunable extraordinary magnetocrystalline anisotropy in Sr2CrReO6 epitaxial films
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We report the discovery of extraordinarily large anisotropy fields and strain-tunable magnetocrystalline
anisotropy in Sr2CrReO6 epitaxial films. We determine the strain-induced tetragonal distortions and octahedral
rotations in Sr2CrReO6 epitaxial films grown on (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT), SrTiO3 (STO), and
SrCr0.5Nb0.5O3/LSAT substrates using x-ray diffraction and density functional theory. The structural distortions
drive dramatic changes in magnetocrystalline anisotropy. We use magnetometry measurements and first principles
calculations to determine the atomic origins of the large anisotropy observed. These techniques elucidate the
interplay between structural deformations and magnetic behavior and lay the groundwork for the study of other
strongly correlated systems in this class of ferromagnetic oxides.
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Magnetocrystalline anisotropy (MCA) has significant im-
plications in a range of applications such as power generation
and magnetic data storage. The search for and study of materi-
als for such applications is of both scientific and technological
interest. There is much focus on ferromagnets such as SmCo5,
Nd2Fe14B, and FePt which exhibit high anisotropy due to
crystal symmetries and strong spin-orbit coupling [1,2]. Here
we report the discovery of exceptionally large anisotropy fields
and strain-tunable MCA in Sr2CrReO6 (SCRO) epitaxial films.
We determine the strain-induced tetragonal distortions and
octahedral rotations of the SCRO lattice which lead to dramatic
changes in MCA and the capability to switch the magnetic easy
axis from in plane to out of plane via strain. Furthermore, we
perform first principles calculations in order to determine the
atomic origins of the large anisotropy observed. This Rapid
Communication provides a combination of experimental and
theoretical work to elucidate the atomic magnetic behavior of
a complex material.

The advances in fabrication techniques of crystalline
materials, particularly epitaxial films in recent years, have
enabled the engineering of materials with desired, and
sometimes exotic, electronic and magnetic properties such
as new ferroelectric materials [3,4] and ferromagnets (FMs)
with large MCA [1,2,5]. Most importantly, epitaxial strain
offers the capability to significantly alter the electronic
and magnetic properties of the films and even creates new
phenomena [3,4] that do not exist in bulk. Crystal structures
that are not isotropic, such as tetragonal (e.g., CrO2 and FePt)
and hexagonal lattices (e.g., Co and Dy), typically result in
large MCA due to magnetization-lattice coupling [5–7]. Since
spin-orbit coupling (SOC) generally scales with Z4, where Z

is the atomic number, high-anisotropy FMs typically contain
4f or 5d elements. In cubic systems, MCA is usually small
due to high crystal symmetry, such as in 3d FM metals and
Heusler compounds [8,9].
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The ABO3 perovskites are a large family of complex
materials that exhibit many fascinating phenomena. However,
magnetic perovskites typically have low TC and modest MCA.
Meanwhile, the A2BB ′O6 ferrimagnetic double perovskites
have been shown to possess versatile magnetic properties
such as high spin polarization, high TC (up to 725 K), strong
and tunable SOC, and electrical conductivity ranging from
insulating to conducting [10–13]. We have demonstrated the
growth of fully ordered, high quality SCRO epitaxial films
[14–16] using off-axis sputtering, which exhibit SOC-
enhanced magnetization. Previous studies of Sr2CrReO6 in
bulk and epitaxial film form can be found in Refs. [10,11,14–
16]. It has been recently reported that Sr2CrReO6 films exhibit
an abrupt change of magnetic coercivity of 1.2 T when subject
to structural transformations of an underlying BaTiO3 sub-
strate [17]. Theoretical studies also elucidated the contributing
factors leading to the large MCA in SCRO [18,19]. These
results point toward the possibility of tuning the large MCA in
SCRO films via strain.

We use off-axis sputtering [9,14–16,20–23] to
deposit 90 nm thick Sr2CrReO6 (001) films on
(LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT), SrTiO3 (STO), and
a relaxed SrCr0.5Nb0.5O3 (SCNO) buffer layer on LSAT with
lattice constants a = 3.868, 3.905, and 3.946 Å, respectively
(see the Supplemental Material [24] for growth parameters).
As a comparison, the pseudocubic lattice constants of bulk
Sr2CrReO6 are ap = 3.907 Å and cp = 3.905 Å [10]. It
should be noted that in application it would be favorable to
apply continuous strain to the SCRO films through the use of a
piezoelectric substrate. However, at this time no piezoelectric
substrate is available that can apply epitaxial strain within the
approximately ±1% range used here, particularly around the
lattice constant of SCRO.

The 90 nm Sr2CrReO6 films are thin enough to be fully
strained to the underlying substrates and the similarities in film
thicknesses reflect our precise control of deposition rates. The
x-ray diffraction (XRD) scans in Fig. 1 show that the films are
pure phase with substrate-limited rocking curve full width at
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FIG. 1. (Color online) XRD scans around the Sr2CrReO6 (004)
(left panels) and Sr2CrReO6 (022) (right panels) peaks for 90 nm
Sr2CrReO6 films grown on (a) LSAT, (b) SrTiO3, and (c) a
SrCr0.5Nb0.5O3 buffer layer on LSAT. The off-normal Sr2CrReO6

(022) peaks are measured at a tilt angle � = 45◦ for in-plane
characterization.

half maxima (FWHMs) as small as 0.0063◦. The left panels in
Figs. 1(a)–1(c) show the θ -2θ scans near the Sr2CrReO6 (004)
peak for films on LSAT, STO, and SCNO/LSAT, from which
the out-of-plane (perpendicular to the film-substrate interface)
lattice constants c = 7.926, 7.860, and 7.804 Å, respectively,
are obtained. From the off-axis θ -2θ scans for the Sr2CrReO6

(022) peak (right panels in Fig. 1), we calculate the in-plane
(parallel to the film-substrate interface) lattice constants a =
7.732, 7.806, and 7.876 Å for films on LSAT, STO, and
SCNO/LSAT, resulting in tetragonal distortions c/a = 1.025,
1.007, and 0.991, respectively. All three films are fully strained,
compressive (c/a > 1) or tensile (c/a < 1), to the substrates or
buffer layer (Table I). Finally, Laue oscillations are observed in
all three samples, indicating high uniformity through the films.
From the spacing of Laue oscillations, we obtain thicknesses

FIG. 2. (Color online) Schematics of (a) Cr-O (counterclock-
wise) and Re-O (clockwise) octahedral rotations in the Sr2CrReO6

lattice and (b) an oxygen (red) octahedron surrounding Cr or Re with
two different bond lengths, deq and dax. (c) Octahedral rotation angle
θ and (d) bond lengths of Cr-O and Re-O octahedra as functions of
the tetragonal distortion c/a of the Sr2CrReO6 lattice.

of 91.1, 90.2, and 89.6 nm for the Sr2CrReO6 films grown on
LSAT, STO, and SCNO/LSAT, respectively.

In the presence of epitaxial strain, it is energetically
favorable for the oxygen octahedra in perovskites to rotate in
order to accommodate the tetragonal distortion [25]. Rotation
of the octahedra alters both the bond lengths and bond angles
between the transition metals and oxygen, potentially affecting
both their electronic and magnetic properties. We utilize the
measured lattice parameters of the SCRO films to determine
the rotations of the Cr and Re oxygen octahedra by performing
density functional theory (DFT) calculations within the gen-
eralized gradient approximation (GGA) [26] using the Vienna
ab initio simulation package (VASP) [27,28] with projector
augmented wave (PAW) pseudopotentials [29]. Correlation
effects were treated within the (GGA + U ) approach [30] with
a value of U = 3 eV and an exchange parameter J = 0.87
eV for the Cr d orbitals [31]. The resulting geometries and
structural parameters are shown in Fig. 2 and Supplemental
Material Table I. As expected, the changes in equatorial

TABLE I. Lattice constants (a,c), tetragonal distortions (c/a), coercivities (Hc), and magnetocrystalline anisotropy fields (Hu) at T = 20
and 300 K of the Sr2CrReO6 films grown on LSAT, SrTiO3, and SrCr0.5Nb0.5O3/LSAT; as is the in-plane substrate lattice constant (doubled
for LSAT and STO for ease of comparison).

Substrate or buffer layer as (Å) a (Å) c (Å) c/a H 20 K
c (T) H 300 K

c (T) H 20 K
u (T) H 300 K

u (T)

LSAT 7.736 7.732 7.926 1.025 0.856 0.287 >10’s >10’s
SrTiO3 7.810 7.806 7.860 1.007 0.819 0.113 18.1 16.6
SrCr0.5Nb0.5O3/LSAT 7.892 7.876 7.804 0.991 1.876 1.128 11.0 11.0
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FIG. 3. (Color online) In-plane and out-of-plane magnetic hysteresis loops for the Sr2CrReO6 films grown on (a) LSAT, (b) SrTiO3, and
(c) SrCr0.5Nb0.5O3/LSAT in magnetic fields up to 7 T at T = 20, 100, and 300 K. Magnetic anisotropy fields can be obtained from the intercept
of linear extrapolation of the hard-axis hysteresis loops and the saturation magnetization as shown in the left panels.

(in-plane) and axial (out-of-plane) bond lengths, deq and dax,
respectively, in the octahedra are considerably smaller than
the changes in the lattice constants, accompanied by rotations
of the octahedra, as the films undergo a progression from
compressive to tensile strain. Given the linear relationship
in Figs. 2(c) and 2(d), we find that the increase in in-plane
bond lengths is 23% (17%) of the changes in the in-plane
lattice constant a for Cr (Re) octahedra, while the decrease
of the perpendicular bond length is 25% of the change
in the value of the c lattice constant for both octahedra.
The rotation of the octahedra is similar for both cations
and changes by 2.3◦ across our strain range (Supplemental
Material Table I). These structural changes, as shown be-
low, drastically affect the magnetic behaviors of the SCRO
films.

To characterize the MCA in our Sr2CrReO6 films, we
measure the magnetic hysteresis loops for the three samples
in magnetic fields up to 7 T. Figure 3 shows the in-plane and
out-of-plane hysteresis loops at temperatures T = 20, 100, and
300 K for the three films after subtraction of the diamagnetic
background (see the Supplemental Material for diamagnetic
background subtraction details). All three substrates (including
the buffer layer) exhibit diamagnetic responses at the temper-
atures discussed in this Rapid Communication.

We note three distinct features from these hysteresis loops.
First, the magnetic easy axis changes from in plane for the films
on LSAT and STO with compressive strain (c/a > 1) to out of
plane for the film on SCNO/LSAT with tensile strain (c/a <

1). This is similar to the observation in strained Sr2FeMoO6

films [21] since the MCA favors the magnetic easy axis along
a shorter axis of the tetragonally distorted crystal lattice. A
recent theoretical calculation predicts the change in sign of
the MCA energy in Sr2CrReO6 films at a tensile strain of
0.7% using the local-spin-density approximation (LSDA) or
0.3% using the GGA method [18]. For our Sr2CrReO6 film on
SCNO/LSAT with a tensile strain of 0.9%, the magnetic easy
axis is indeed out of plane and complements the theoretical
predictions.

Second, the MCA indicated by the hysteresis loops along
the hard axis is very large for all three films. In the left
panel of Fig. 3(b) for Sr2CrReO6/STO, we extrapolate the
high-field region of the out-of-plane hysteresis loop to find
the intercept with the saturation magnetization (Ms) of the
in-plane hysteresis loop. This intercept is an approximate
representation of the out-of-plane, uniaxial anisotropy field
Hu = 18.1 T (Table I). Since the magnetization is almost, but
not fully, saturated at 7 T [14,32], the obtained Hu from the
intercept is an underestimation of the anisotropy field. The
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demagnetization field 4πMs of 1260 G [14] is much smaller
than the anisotropy field and can be neglected. We calculate the
anisotropy energy by finding the area between the easy- and
hard-axis loops. We find Ku, the uniaxial MCA energy density,
to be Ku = 4.77 × 106 erg/cm3 (4.77 × 105 J/m3), which is
very high for Sr2CrReO6 with a small Ms = 0.85μB/f.u. (as a
reminder, this is for SCRO/STO). For comparison, SmCo5

films exhibit one of the highest Ku = 7.6 × 107 erg/cm3,
while the Ms of SmCo5 is much higher than that of SCRO [1].
For Sr2CrReO6/LSAT, the MCA is considerably larger than
that in Sr2CrReO6/STO, as can be seen from the much larger
difference between the in-plane and out-of-plane hysteresis
loops in Fig. 3(a). The magnetometry data for SCRO/LSAT
does not allow a reliable determination of Hu from the
hysteresis loops since there is very little magnetic signal
from the SCRO film for the hard-axis loop (see Supplemental
Material Figure 1 for the raw magnetic data for SCRO/LSAT).
However, we estimate that it should be at least tens of T. For the
Sr2CrReO6 film on SCNO/LSAT, the hard axis is in plane and
the anisotropy field Hu = −11.0 T is obtained from Fig. 3(c),
where the negative sign indicates out-of-plane anisotropy. For
this film, we obtain Ku = −1.46 × 106 erg/cm3. Clearly, there
is a strong dependence of the anisotropy fields on the strain,
in particular the c/a ratios of the Sr2CrReO6 films, indicating
a strong magnetization-lattice coupling. Using a simple linear
extrapolation of the anisotropy fields for the Sr2CrReO6 films
on STO (Hu = 18.1 T) and SCNO/LSAT (Hu = −11.0 T),
we find that the MCA should change sign at 0.30% tensile
strain, which agrees with the value predicted by previous GGA
calculations [18].

Finally, the anisotropy fields remain essentially unchanged
from T = 20 to 300 K, which is promising for applications. It
should be noted, however, that the coercivity (Hc) decreases
with increasing temperature (Table I). This can be understood
as follows. The MCA is mainly determined by the magnetic
interaction, particularly SOC, and not defects in the films.
Since the magnetization of SCRO changes only slightly from
20 to 300 K because of the high TC [14,32], the MCA is
essentially unchanged below 300 K. Meanwhile, the coercivity
is sensitive to defects in the films, thus Hc decreases at higher
temperatures due to increasing thermal energy.

To further understand the origin of the change in easy
axis under strain seen in experiment, we need to examine the
difference in total energies for magnetic orientations along
different crystalline axes. This is known as the magnetic
anisotropy energy (MAE). The origin of MAE resides in
the spin-orbit coupling between the magnetization and the
lattice. The crystalline axis associated with the lowest energy
determines the most favorable direction of spontaneous mag-
netization (easy axis). A simple relation between MAE and
the moment anisotropy �mL was proposed by Bruno [33],

MAE = −α
ξ

4μB

�mL, (1)

where �mL is the difference between hard- and easy-axis
orbital magnetic moments, μB is the Bohr magneton, ξ is the
spin-orbit coupling constant, and α depends on the electronic
structure and is on the order of 0.05–1 [34]. This relation was
shown to be valid when the majority spin is fully occupied [33],
which is the case for SCRO, and subsequent studies have

FIG. 4. (Color online) Differences (�m) between out-of-plane
([001] direction) and in-plane (average of [100] and [010] directions)
(a) total magnetic moments, (b) total orbital and spin magnetic
moments, and (c) spin and (d) orbital magnetic moments for Re
(squares), Cr (diamonds), and O (circles). The lines are guides for the
eye.

confirmed it [35–37]. Equation (1) suggests that when the
moment anisotropy is calculated for two directions, a sign
change in the moment anisotropy indicates a change in easy
axis. Performing GGA + U calculations, including spin-orbit
coupling, for the different substrate-induced strain states
(Supplemental Material Table I), we indeed find that �mtot

(defined as the difference between the magnetic moment in the
[001] direction and the average magnetic moment in the [100]
and [010] directions) changes sign with increasing c/a ratio
[Fig. 4(a)], in agreement with our experiments (Fig. 3). This
agreement confirms the validity of our theory within numerical
uncertainties. The calculated �mtot values are much larger, by
1–2 orders of magnitude, than those found in Ref. [35] for
Ni and Fe, demonstrating the robust nature of the magnetic
anisotropy in SCRO. However, the �mtot values are small
enough that the precision required to measure them experimen-
tally is not accessible by current magnetometry techniques.

Since the easy axis corresponds to the most energetically
favorable axis (lowest energy), Eq. (1) tells us that the easy
axis aligns with the axis where the orbital magnetic moment
is the largest [38]. This overall agreement allows us now to
examine the origin of the easy-axis change. For that, we first
separate the total moment anisotropy into spin (�mS) and
orbital (�mL) components [Fig. 4(b)] and find that they have
approximately linear strain dependence with opposite slopes,
with the orbital moment anisotropy dominating. Separating
these contributions further according to their atomic origins,
we find that for the spin moment anisotropy [Fig. 4(c)], Cr and
Re contribute at approximately the same magnitude, but with
opposite sign, thus canceling each other and leaving the small

180401-4



RAPID COMMUNICATIONS

STRAIN-TUNABLE EXTRAORDINARY . . . PHYSICAL REVIEW B 90, 180401(R) (2014)

contribution from the hybridizing O atoms as the dominant
spin component. We have previously observed experimentally
an x-ray magnetic circular dichroism signal at the O K edge
(work performed at the Advanced Photon Source, Argonne
National Laboratory), complementing our theoretical findings
that the O site carries a substantial magnetic moment [39].
The overall dominant orbital moment anisotropy, however, is
nearly exclusively imposed by the Re atoms, which contribute
93% to the combined �mL [Fig. 4(d)]. The calculated spin
and orbital moments for the Cr, Re, and O atoms in SCRO for
each strain state (and both in plane and out of plane) can be
found in Supplemental Material Table II.

Having identified the Re atoms as the origin of the magnetic
anisotropy, we can now look further into the orbital origin
of the observed magnetic anisotropy. For that, we examine
the changes in calculated Re t2g (xy, yz, and xz) density of
states (DOS) near the Fermi level for tensile (c/a = 0.99)
and compressive (c/a = 1.025) strain (Supplemental Material
Fig. 3). We observe a downward shift in energy for the xy

DOS [Supplemental Material Fig. 3(a)] and an upward shift
in energy for both yz and xz DOS [Supplemental Material
Fig. 3(b)] when transitioning from compressive to tensile
strain, leading to a change in electron distribution resulting
in the observed moment anisotropy.

In conclusion, we reveal large magnetic anisotropy and
achieve dramatic changes in the MCA of Sr2CrReO6 films

via epitaxial strain. We use DFT calculations to understand
the structural distortions and to elucidate the dependence of
MCA on the structure of the films. A switching of the magnetic
easy axis from in plane for compressive strain to out of plane
for tensile strain is observed via superconducting quantum
interference device (SQUID) magnetometry, and SCRO films
exhibit very high anisotropy fields. Finally, we use first
principles calculations to probe the atomic origins of the large
and tunable MCA in SCRO, for which the anisotropy is driven
primarily by Re orbitals. A thorough understanding of the
atomic magnetic behavior of this complex system can guide the
design of other versatile and applicable materials. Our results
suggest that substitution of other heavy transition metals, such
as W or Os, for Re can drastically affect the magnetic properties
of FM oxides via tuning of the spin-orbit coupling.
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