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We have determined the depth-resolved magnetization structures of a series of highly ordered
Sr2CrReO6 (SCRO) ferrimagnetic epitaxial films via combined studies of x-ray reflectometry, po-
larized neutron reflectometry and SQUID magnetometry. The SCRO films deposited directly on
(LaAlO3)0.3(Sr2AlTaO6)0.7 or SrTiO3 substrates show reduced magnetization of similar width near
the interfaces with the substrates, despite having different degrees of strain. When the SCRO film is
deposited on a Sr2CrNbO6 (SCNO) double perovskite buffer layer, the width of the interfacial region
with reduced magnetization is reduced, agreeing with an improved Cr/Re ordering. However, the
relative reduction of the magnetization averaged over the interfacial regions are comparable among
the three samples. Interestingly, we found that the magnetization suppression region is wider than
the Cr/Re antisite disorder region at the interface between SCRO and SCNO.

PACS numbers: 75.25.-j, 75.47.-m, 75.70.Cn

The family of the A2BB′O6 double perovskites in-
cludes several functional magnetic materials with both
a Curie temperature (TC) much higher than room tem-
perature and a high spin polarization of the charge car-
riers [1]. Ferrimagnetic Sr2CrReO6 (SCRO), with a TC
above 500 K [2, 3], is of particular interest because of
its intrinsic semiconducting nature at room tempera-
ture in highly ordered epitaxial films [4]. There is a
strong interest in spin injection into semiconductors [5–
8] since Datta and Das proposed a spin transistor based
on electric-field controlled spin precession via spin-orbit
coupling [9, 10]. However, spin injection directly from
ferromagnetic metals into semiconductors is problematic
due to the conductivity mismatch problem [11]. One
solution is to use magnetic semiconductors rather than
metals [12], thus Sr2CrReO6 is clearly a promising can-
didate. Furthermore, the magnetic properties of SCRO
are in principle very responsive to lattice changes be-
cause it is a highly correlated material with a strong
spin-orbit coupling from the Re 5d orbitals. Thus, SCRO
can be potentially used for low-dissipation magnetoelec-
tric devices by utilizing strain-mediated magnetoelastic
coupling [13, 14].

The electronic and magnetic properties of double per-
ovskites strongly depend on the B/B′ ordering [1]. For
example, Cr/Re antisite disorder reduces the high spin-
polarization of Sr2CrReO6 [2]. However, fabrication of
high-quality double perovskite epitaxial films with full
B/B′ ordering is still challenging. We have recently
achieved phase pure SCRO epitaxial films with a high
degree of Cr/Re ordering on SrTiO3 (STO) substrates
by a new sputtering technique [4, 15]. High-angle annu-
lar dark-field scanning transmission electron microscopy
(STEM) studies show that the full Cr/Re ordering takes
a few nanometers to establish when the films are directly

grown on STO [16], although SCRO and STO have well-
matched lattice constants. Previous STEM studies did
not quantify the degree of the Cr/Re antisite disorder or
how much the interfacial magnetization is affected. These
are in fact very important for applications because the
performance of spintronics devices crucially depends on
the interfacial properties [8, 17–19]. To this end, we have
utilized x-ray reflectometry (XRR) and polarized neutron
reflectometry (PNR) to study a series of SCRO films to
investigate how antisite disorder, as well as strain, affects
the interfacial magnetization. We found that the films
show a 5-6 nm interfacial layer with reduced magnetiza-
tion when grown directly on (LaAlO3)0.3(Sr2AlTaO6)0.7
(LSAT) and SrTiO3 substrates. For the film grown on
a SrCr0.5Nb0.5O3 (SCNO) double perovskite buffer layer
on STO, the width of the region with reduced magnetiza-
tion decreases to 3.7 nm, which is however wider than the
Cr/Re antisite disorder region, which is about 1.5 nm, at
the interface between SCRO and SCNO, as found in pre-
vious work [16]. On average, the relative decreases of the
magnetization in the interfacial regions are comparable
among the three films.

A series of 20-nm (001) Sr2CrReO6 epitaxial thin films
were grown on LSAT and STO substrates, and on a 50-
nm nonmagnetic fully strained SCNO buffer layer on
STO via an off-axis ultrahigh vacuum sputtering tech-
nique [4, 16]. The substrates were cleaned via son-
ication in acetone before being loaded into the sput-
tering chamber. The substrates were further baked at
the deposition temperature for about 30 minutes be-
fore film deposition. A DC power source was used for
the SCRO film deposition, during which the substrate
temperature was 700 ◦C and the total O2/Ar gas pres-
sure was 12.5 mTorr with an oxygen partial pressure of
26.25 µTorr. A radio-frequency power source was used
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FIG. 1. (Color online) Magnetic hysteresis loops from the
three SCRO films grown on (a) LSAT, (b) STO and (c) a
SCNO buffer layer, respectively. Data were collected between
+70 and −70 kOe at 300 K, and have been normalized by
the area of the films. PNR experiments were performed at
11.5 kOe, as indicated by the dashed lines.

for the SCNO buffer layer deposition, during which the
substrate temperature was 600 ◦C and the total O2/Ar
gas pressure was 12.5 mTorr with an oxygen partial pres-
sure of 15.5 µTorr. The deposition rates were 1.10 and
1.25 nm/min for SCRO and SCNO films, respectively.
X-ray diffraction studies show that all three 20-nm films
are fully strained [16]. The SCRO films on STO and on
SCNO are nominally strain free, while SCRO on LSAT
is under 1.5% in-plane compressive strain.

Figure 1 shows the magnetic hysteresis loops for the
three samples in the field range of ± 70 kOe at 300 K.
A linear diamagnetic background has been subtracted
for each sample, using the slope obtained by fitting the
high-field region of the hysteresis loop. At 11.5 kOe,
which is the maximum field achievable during the PNR
experiments, the loops are essentially closed at 300 K and
are open at 120 K (data not shown) for all three samples.

The three films have been further characterized via a
complementary approach of x-ray reflectometry and po-
larized neutron reflectometry. We performed PNR exper-
iments at the Spallation Neutron Source at Oak Ridge
National Laboratory. XRR data were collected with Cu
Kα radiation at room temperature. PNR is capable of
resolving the depth profile of magnetization at nanome-
ter resolution [20, 21]. Neutrons interact with both nu-
clei and the internal magnetic field. Neutrons with spin
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FIG. 2. (Color online) Results on the 20 nm SCRO film on
LSAT. (a) X-ray reflectivity, and (b) polarized neutron reflec-
tivity at 300 K and 120 K in a 11.5 kOe in-plane magnetic
field. The best fit curves (lines) are overlaid on the top of the
data (circles). (c) The depth profiles of the real parts of the
x-ray and nuclear scattering length densities (SLDs, top) and
the magnetization (M , bottom).

parallel (Spin-up (+)) or anti-parallel (spin-down (-) ) to
the direction of the external magnetic field experience the
same nuclear scattering potential, but opposite magnetic
scattering potentials. From subsequent measurements
with oppositely polarized neutron beams, the two contri-
butions can be separated to reconstruct the depth pro-
files of both the chemical structure and the magnetization
vector. The magnetic scattering length density is related
to the magnetization by a constant C = 2.91 × 10−9

Å−2G−1. PNR data were collected with a 11.5 kOe in-
plane magnetic field at 300 K, and at 120 K after field
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cooling. The magnetic field was applied along one of the
sample edges ([100] direction). A polarization analyzer
was not used during the experiments. The selected tem-
perature of 120 K is well below the TC of these films, and
high enough so that we can avoid the loss of specular re-
flectivity due to the surface buckling after the cubic to
tetragonal phase transition of the SrTiO3 substrate near
105 K [22]. XRR and PNR data were fitted with the same
model for the chemical structural, and the Parratt for-
malism was used to determine the depth-dependent scat-
tering length density (SLD) profiles [23, 24]. Levenberg-
Marquardt least-square method implemented by IGOR
Pro was used for model optimization [25]. Error bars for
the data points and the structural profiles are determined
by the statistical uncertainties.

The XRR and PNR data from the film on LSAT are
shown in Figs. 2(a) and 2(b), respectively. Simulated re-
flectivity curves from the best fit are displayed as solid
lines overlaid on the top of the data. The polarized
neutron reflectivity spans about 6 orders of magnitude
and the x-ray reflectivity spans about 7 orders of mag-
nitude. Due to the large dynamic ranges, the reflectiv-
ity data were presented as RQ4 (logarithmic scale) vs
Q for better visualization. R is the specular reflectivity
and Q = 4πsinθ/λ, where θ is the incident angle and
λ is the wavelength of the radiation source. XRR data
show pronounced oscillations due to the high contrast in
the x-ray scattering length densities between SCRO and
LSAT. The oscillation period is determined by the total
film thickness, which is 19.5 nm. For neutrons SCRO and
LSAT have a weak contrast in nuclear scattering length
densities. Thus, the oscillations are largely caused by the
contrast in magnetization, which is advantageous for de-
termining the details of the film’s magnetization struc-
ture. In the model, the SCRO film is split into three
layers (two interfacial regions and the central part), each
of which has its own scattering length density and mag-
netization, as well as thickness. A rough interface was
modeled as a sequence of thin slices with SLDs values
varying as an error function so as to interpolate between
adjacent layers [24]. The XRR plays a more important
role in determining the chemical structure of the film.
This is because that the XRR data were collected up to
a larger Q and with a better statistics than the PNR
data, and the contrast in the x-ray SLDs between SCRO
and LSAT is higher than that in the neutron SLDs. The
algorithm used for PNR simulations assumes that the
average magnetization component perpendicular to the
field is zero. Based on the hysteresis loops, this approx-
imation is more accurate at 300 K than at 120 K; thus,
the fitting results from the 300 K data are more reliable.

Figure 2(c) shows the depth profiles of the neutron
nuclear scattering length density as well as the magne-
tization at 120 K and 300 K from the best fit. In order
to describe the XRR data, it is necessary to include a
surface layer of 2.3 nm in the model, which has a lower

x-ray scatting length density than the bulk part of the
SCRO film. Note that surface layers have been observed
in related double-perovskite Sr2FeMoO6 films after being
exposed to air [26, 27]. More importantly here, the SCRO
film shows a region of 5.6 nm with reduced magnetization
at the interface with STO. The average magnetization of
the interfacial region is 73±6% and 60±9% of the magne-
tization of the bulk part of the film at 300 K and 120 K,
respectively. When temperature decreases from 300 K to
120 K, the magnetization of the whole film increases by
30%. A similar magnitude change is also observed from
the SQUID magnetometery data. However, a strict com-
parison is not meaningful because the hystersis loop is
not closed in a 11.5 kOe field at 120 K.

The results from the SCRO film on STO are shown
in Fig. 3. It is obvious that although both SCRO films
on LSAT and STO are nominally of 20 nm thickness,
the reflectivity curves (both XRR and PNR) from the
two samples are dramatically different. This difference
reflects the fact that reflectivity is highly sensitive to the
depth profile of the scattering length density. In contrast
to the SCRO film on LSAT, the oscillation magnitude of
the PNR data on the SCRO film on STO is very large,
which is mostly due to the high contrast in the nuclear
scattering length densities between the SCRO and STO.
As shown in Fig. 3(c), this film has a 4.6 nm interfacial
region with reduced magnetization. The average interfa-
cial magnetization is 47± 5% and 46± 5% of that of the
bulk magnetization at 300 K and 120 K, respectively.

Figure 4 shows the results from the 20-nm SCRO film
on a 50-nm SCNO buffer layer on STO. As expected, the
frequency of the oscillations is higher in the XRR and
PNR data due to a larger total thickness. XRR data
show a conspicuous beating effect from the contrast in
the x-ray SLDs between SCRO and SCNO. The nuclear
scattering densities between SCRO and SCNO are very
close, thus PNR data barely display any beating effect.
Similar to the case of the SCRO on LSAT, the weak con-
trast in the nuclear scattering densities between SCRO
and SCNO is advantageous for determining the interfa-
cial magnetization structure. A layer with suppressed
magnetization that is 3.6 nm thick is resolved at the in-
terface between the SCRO and SCNO. The magnetiza-
tion of this layer is 50 ± 4% and 56 ± 5% of the bulk
magnetization at 300 K and 120 K, respectively. Thus,
with a SCNO buffer layer, the thickness of the suppressed
magnetization layer is reduced, but the relative magneti-
zation reduction is comparable to that of the SCRO film
grown directly on STO.

Provided that the interfacial magnetization reduction
is caused by anti-site disorders, the degree of the Cr/Re
disorder can be estimated from the magnetization re-
duction. In the double exchange model for double per-
ovskites [28–30], the Cr 3d and Re 5d orbitals hybridize
via the ligand oxygen orbitals, and there is an antifer-
romagnetic alignment between the rock-salt ordered Cr
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FIG. 3. (Color online) Results on the 20 nm SCRO film on
STO. (a) X-ray reflectivity, and (b) polarized neutron reflec-
tivity at 300 K and 120 K in a 11.5 kOe in-plane magnetic
field. (c) The depth profiles of the real parts of the x-ray and
nuclear scattering length densities (top) and the magnetiza-
tion (bottom).

and Re spin moments. We assume that Cr carries 3 µB
per ion and Re carries 2 µB per ion. Using a simple ar-
gument based on the ferrimagnetic model [1], each mis-
placed Cr ion reduces the saturation magnetization MS

by 2 × 3 = 6 µB , and each misplaced Re ion increases MS

by 2 × 2 = 4 µB . Thus, mdisordered/mordered = 1 − 2x,
where x is the percentage of the Cr/Re disorder. From
the relative average magnetization reduction at 300 K
and 120 K, we found that the interfacial Cr/Re antisite
disorder are comparable for the two films directly grown
on LSAT and STO substrates, which are 22 ± 5% and
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FIG. 4. (Color online) Results on the 20 nm SCRO film on
a 50-nm SCNO buffer layer on STO. (a) X-ray reflectivity,
and (b) polarized neutron reflectivity at 300 K and 120 K in
a 11.5 kOe in-plane magnetic field. (c) The depth profiles
of the real parts of the x-ray and nuclear scattering length
densities (top) and the magnetization (bottom).

27 ± 3%, respectively. At the same time, the thicknesses
of the magnetization suppression regions are also simi-
lar, although the two films are under different degrees of
strain. Therefore, strain is unlikely the main cause for
suppressed magnetization and the Cr/Re antisite disor-
der at interfaces.

With a SCNO buffer layer, the thickness of the region
with decreased magnetization reduces to 3.6 nm. Based
on the aforementioned assumption, the average Cr/Re
antisite disorder in this region is of 27± 3%. The magni-
tude of the magnetization suppression in the interfacial
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regions is comparable to the films without a buffer layer.
Interestingly, earlier STEM work found an interfacial dis-
order region of about 1-2 nm [16], which is less than
the thickness with suppressed magnetization revealed by
PNR. The discrepancy may be related to the different lat-
eral length scales of the two methods. PNR probes the
average magnetization over the whole film plane with a
lateral length scale of 10 mm, while STEM probes a much
smaller area, with a characteristic length of only 10 nm.
On the other hand, the two techniques probe two differ-
ent physical quantities. Beside the antisite disorders, sev-
eral other mechanisms, such as oxygen deficiency [15, 31]
and inter-diffusion [32], can affect the magnetization of
magnetic oxides. Particularly, it has been shown that the
magnetic properties of SCRO films are very sensitive to
the oxygen partial pressures during growth [15]. Thus, it
is of interest to determine whether the interfacial region
and bulk part have a different level of oxygen deficiency,
which can give rise to the difference between the thick-
ness of the suppressed magnetization and the thickness of
the antisite disorder region. Perhaps more interestingly,
the discrepancy can also arise from interfacial electronic
reconstruction. Interfacial electronic reconstruction can
change the valence state and/or the orbital occupation
of the transition metal ions, thus affecting the magnetic
properties at interfaces, which has been frequently ob-
served in manganites [33, 34]. Overall, current experi-
ments focus on the effect of strain and buffer layer and
are not able to pin down the leading sources, which is
worth further investigation.

In summary, we have studied the depth profiles of the
magnetization structures of a series of 20-nm SCRO epi-
taxial films on LSAT and STO substrates, and on a 50-
nm SCNO buffer layer on STO. These films shows mag-
netization suppression at interfaces with the substrate or
the buffer, which is correlated with the B/B’ antisite dis-
order. The two films deposited directly on LSAT and
STO substrates show a 5-6 nm interfacial region with
reduced magnetization, which corresponds to the Cr/Re
antisite disorder of 22 ± 5% and 27 ± 3% on LSAT and
STO, respectively. For the SCRO film grown on a SCNO
buffer layer on STO, the thickness of the magnetization
suppression region is reduced to 3.6 nm with an average
Cr/Re antisite disorder of 27 ± 3%. However, the mag-
netization suppression region is thicker than the Cr/Re
antisite disorder region at the interface between SCRO
and SCNO, which suggests that there exist other mech-
anisms for interfacial magnetization suppression.
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