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Low-energy electronic interactions in ferrimagnetic Sr,CrReQjg thin films
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We reveal in this study the fundamental low-energy landscape in the ferrimagnetic Sr,CrReOg double per-
ovskite and describe the underlying mechanisms responsible for the three low-energy excitations below 1.4 eV.
Based on resonant inelastic x-ray scattering and magnetic dynamics calculations, and experiments collected from
both Sr,CrReOg powders and epitaxially strained thin films, we reveal a strong competition between spin-orbit
coupling, Hund’s coupling, and the strain-induced tetragonal crystal field. We also demonstrate that a spin-flip
process is at the origin of the lowest excitation at 200 meV, and we bring insights into the predicted presence
of orbital ordering in this material. We study the nature of the magnons through a combination of ab initio and
spin-wave theory calculations, and show that two nondegenerate magnon bands exist and are dominated either
by rhenium or chromium spins. The rhenium band is found to be flat at about 200 meV (£25 meV) through
X-L-W-U high-symmetry points and is dispersive toward I".
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I. INTRODUCTION

Magnonics is an emerging alternative to modern electron-
ics to carry and process information at high frequency and
low-energy consumption using magnetic degrees of freedom.
This field of research focuses on the use of spin waves or
magnons in magnetic materials. This type of collective exci-
tation is not limited by Joule heating as it does not involve
the transport of electrons, and allows the superposition of
signals through multiplexing. While ferromagnets have been
first considered for this application, the community has re-
cently turned to antiferromagnets for their higher frequencies
of operation, the possibility of using left- and right-handed
waves as an additional degree of freedom to carry informa-
tion, and greater stability against parasitic magnetic fields.
This stability results from the absence of net magnetization
in antiferromagnets, which provides a relative immunity to
external magnetic field [1] but creates challenges regarding
excitation and control of spin waves.

The complex spin interaction in ferrimagnets leads to
original spin dynamics that has been recently exploited to
specifically overcome this obstacle [1-3]. While a promis-
ing ferrimagnet-based magnonic platform has already been
demonstrated using Y3FesO1, [4], other studies have revealed
that unique spin characters can be realized in ferrimagnets
due to the competition between different spins [1-3]. In
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rare earth—3d-transition metal ferrimagnetic compounds, fast
field-driven antiferromagnetic spin dynamics are realized and
field-driven domain wall mobility is remarkably enhanced
at the angular momentum compensation temperature (7),
where the net angular momentum vanishes [3]. At Ta, both
the left- and right-handed spin waves intersect, and characters
of antiferromagnetic and ferrimagnetic spin wave modes are
observed [1].

Rhenium-based double perovskites (DPs), A,BReOg (A =
Sr, Ca, Ba and B = Cr, Fe) are ferrimagnetic materials with
a Curie temperature above room temperature [5]. They are
strongly correlated materials, where the energy scales of spin-
orbit coupling (A), tetragonal crystal field (A¢), and electronic
correlations (Jy, U) compete, leading to a diverse manifold
of ground states and phenomena, such as magnetic ordering
above room temperature and an interplay between structural
and electronic transitions [6]. Among the Re-based DPs,
SryCrReOg (SCRO) has the highest Curie temperature of
Tc = 620 K [7] (508 K from [8]) and shows a large strain-
dependent magnetocrystalline anisotropy (MCA) [9].

Through a combination of state-of-the-art epitaxial growth
of thin films, resonant x-ray scattering experiments and cal-
culations, and spin-dynamics simulations, we explore in this
work the mechanisms responsible for the fundamental low-
energy structure of SCRO and examine evidence for the
presence of spin waves. We also bring additional insights into
the presence of orbital ordering in this material [6]. The best
agreement between theory and experiment reveals a strong
competition between spin-orbit coupling, Hund’s coupling,

©2023 American Physical Society


https://orcid.org/0000-0002-4694-7262
https://orcid.org/0000-0002-6637-8984
https://orcid.org/0000-0003-1752-0937
https://orcid.org/0000-0002-0151-7170
https://orcid.org/0000-0002-2240-8520
https://orcid.org/0000-0001-5139-3543
https://orcid.org/0000-0001-9642-8674
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.075132&domain=pdf&date_stamp=2023-08-14
https://doi.org/10.1103/PhysRevB.108.075132

GUILLAUME MARCAUD et al.

PHYSICAL REVIEW B 108, 075132 (2023)

and strain-induced tetragonal crystal field. We show that two
nondegenerate magnon bands exist and are dominated by rhe-
nium or chromium spins. The rhenium band is found to be
flat at about 200 meV (£25 meV) through X-L-W-U high-
symmetry points and dispersive toward I".

II. METHODS

The three 90-nm (001) Sr,CrReQg thin films characterized
in this study were grown by off-axis magnetron sputtering
on different substrates to achieve different strain states: —1%
(compressive) on (LaAlOj3)q3(Sr2AlTaOg), 7 (LSAT), +1%
(tensile) on a relaxed SrCrysNbysO3; (SCNO), and 0% (un-
strained) on SrTiO; (STO). No additional phases are detected
through x-ray diffraction experiments, and the quality of the
epitaxy is confirmed with the (103) reciprocal space map
presented Fig. S1 of the Supplemental Material [10].

The resonant inelastic x-ray scattering (RIXS) characteri-
zation was performed at the Advanced Photon Source at the
27-ID beamline. The incident photon energy was selected by a
high-resolution mmE Si(440) monochromator near the Re -L3
edge (10.539 keV) and the final photon energy was analyzed
with a 2-m Si(119), leading to an overall resolution [full width
at half maximum (FWHM)] of 70 meV in this configuration.
With an analyzer of 10 cm diameter 200 cm away from the
sample, the momentum resolution in A, k, and [ is estimated
to be lower than 0.07 r.l.u. in the pseudocubic system of
coordinates. To enhance the signal coming from the films
and to reduce the elastic background intensity, the incident
beam grazes the sample surface (0.5 < 6 < 9° for thin films,
depending on the vector ¢, and 1.2° for the powder) while
the scattering angle 26 was kept close to 90° in a horizontal
scattering geometry.

Density functional theory (DFT) calculations are per-
formed using the projector augmented wave (PAW) method
[11] implemented in the VASP code [12]. We use a revised
version of the generalized gradient approximation (GGA) pro-
posed by Perdew et al. (PBEsol) [13]. Spin-orbit coupling
(SOCQC) is not included, since the effect of SOC is weak for
SCRO from our previous study [6]. We use 500 eV of kinetic
energy cutoff and 9 x 9 x 7 of k-point mesh.

The RIXS calculations were performed using EDRIXS, an
open-source toolkit for simulating XAS and RIXS spectra
based on exact diagonalization of model Hamiltonians. It is
developed as part of the COMSCOPE project in the Cen-
ter for Computational Material Spectroscopy and Design,
Brookhaven National Laboratory [14]. We use a single atomic
multiplet model, considering a single Re>* (d?) ion. We ob-
tain the crystal field splitting parameters from the Wannier
function projections on Re d states [15], and use these pa-
rameters as an initial guess. Then we explored a large phase
space of parameters near the set of initial values. We fix the
eg-1y splitting (10Dq) of 3.23 eV from the Wannier projection,
since 10Dq is large and thus only f,, orbitals are important on
the RIXS spectra below 1.5 eV.

The magnon spectra are computed via DFT and spin-wave
theory following Toth et al. [16]. The exchange coupling
parameters J of a Heisenberg model are obtained from
DFT, and we assume an isotropic magnetic interaction
Jx =Jy =J,. We compute the energy difference between

the ferromagnetic (FM) and antiferromagnetic (AFM) con-
figurations AE = E[AFM]—E[FM] = Zi’j JS;-S;, where
S; and S; are spins of Cr (§ =3/2) and Re (S = 1/2) and
obtain J = 33.58 meV. We then use this Heisenberg model
to compute the magnon spectrum via spin-wave theory. The
main equations are given in the Supplemental Material [10].

The resonant elastic x-ray spectroscopy (REXS) experi-
ments were carried out at the Advanced Photon Source at the
33-ID beamline with a “4S + 2D” six-circle diffractometer.
The data are collected with a Pilatus solid state detector lo-
cated about 1 m from the SCRO samples, which are cooled
to a temperature of 15 K under a beryllium hemispheric
dome. The expected reflection induced by the orbital-ordering
(00) at (00 %) is reached with an incident angle 6; = 4° and
measured in a fixed ¢ mode as a function of energy in the
10.5-10.6-keV range, with azimuthal angle ¢ defined as the
angle between the (100) crystal axis of SCRO and the in-plane
component of the incident beam. The polarization sigma of
the incident beam is fully in plane. The fluorescence spectra
are extracted from the background signal of the detector dur-
ing the energy scans and the (00 %) reflections are captured by
a smaller region of interest and after background subtraction.
The energy-dependent REXS intensity of the OO-induced
reflection is calculated from the DFT-derived atomic positions
of Sr, Cr, and O in a doubled SCRO unit cell (under tensile,
compressive, or relaxed strain), the complex scattering factor
extracted from the absorption (XAS) spectrum that result from
the RIXS calculations in the presence of orbital ordering, and
the Cromer-Mann coefficients. The intensity is then finally
corrected for self-absorption. See the Supplemental Material
for more details [10].

III. RESULTS

An overview of the energy scales in the RIXS map
of SCRO powder near the Re-L; edge is presented in
Fig. 1. In addition to the elastic line at 0 eV, sharp excita-
tions near 1 eV are observed (zone I), as well as broader
features at 5, 8, and 9-10 eV (zones II, III, and IV, re-
spectively). The resonance of some of these excitations at
specific energies of the incident light provides a signature
of the electronic states involved in the intermediate |n)
and final |f) steps of the RIXS process [17], as described
schematically in Fig. 1(a). The excitations in zone I are
enhanced when the incident photon energy is set to E; =
10.534 keV, while zone II resonates at E; = 10.538 keV. We
attribute this difference of 4 €V to the splitting of the #,; and
e, levels of rhenium by an octahedral crystal field, similar to
what is observed in another rhenium-based double perovskite,
Ba; YReOg [18]. The broad zone III dominates the spectrum
in the incident energy range between the resonances of zones
I and II, and is identified as a charge transfer from the rhe-
nium to the oxygen ligand, whereas zone IV features a linear
dependence with incident photon energy and is attributed to
fluorescence. While the excitations in zone I only involve
electronic transitions from and to the f,, levels of rhenium,
namely dd intra-ts, we identified the excitations in zone II
as the result of transitions from #,; and to ez, namely dd
hg-eg, although other excitations yielding broad spectra, like
interband or charge-transfer excitations, cannot be excluded.
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FIG. 1. Incident photon energy versus energy loss RIXS map-
ping, near the L; edge of rhenium for a powder of SCRO at T =
10 K. In addition to the elastic line at 0 eV, four zones (I-IV)
are identified. (I) The lowest energy part of the spectrum (energy
loss<1.4 eV) includes d-d transitions between the t,, orbitals of
rhenium, namely intra-,,, and potential quasiparticle excitations. (II)
The broader feature between 4 and 6 eV resonates 4 eV higher than
the ones in zone 1. Its spectral weight is identified as d-d transitions
between the e, and 1, orbitals. The strong signal located at 8 eV
results from transitions between oxygen 2p and rhenium 5d (charge
transfer) and the linearly incident-energy-dependent intensity in zone
1V is induced by fluorescence.

A closer look at the spectral weight distribution in zone I
reveals three components. The two higher energy peaks at
0.55 and 0.9 eV are likely dd intra-t,s, further split by strain,
spin-orbit coupling, or Hund’s coupling, but a feature as low
as 0.2 eV suggests the presence of an additional relaxation
channel such as bosonic excitations or the suspected orbital
ordering (OO) in SCRO, as discussed in a recent review on
rhenium-based double perovskites [6].

Recent progress in the epitaxial thin film growth of SCRO
on different substrates [9,19,20] allows one to investigate
the momentum dependence of these excitations and the role
of strain on the low-energy excitations below 1.4 eV (zone
I). The data in Figs. 2—4 have been collected from 90-nm-
thick SCRO thin films under tensile (+1%) and compressive
strain (—1%).

Three nonelastic features are clearly resolved in Fig. 2(a)
at 0.2, 0.65, and 1 eV for the SCRO film under compressive
strain and at a temperature of 7 = 17 K. We do not observe
significant dispersion of these excitations for all measured
momentum transfers at L, X, and near U and W high-
symmetry points. The I" point could not be measured because
of the Bragg reflection that occurred at this coordinate [see
Fig. 2(b)], which would dominate the spectrum with a strong
elastic peak centered at 0 eV and prevent the observation of
nonelastic features below 1.4 eV. We also note that our RIXS
measurements required a grazing incidence condition of the
incident photons to maximize the interaction of the light with
the material and improve the signal to noise ratio, which limits
our capability to navigate through reciprocal space, specifi-
cally W and U.

The absence of dispersion in Fig. 2, also observed in an
unstrained (0% strain) SCRO film as shown in Fig. S2 of
the Supplemental Material [10], is consistent with a local
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FIG. 2. RIXS spectra for different momentum transfer. (a) Low-
energy RIXS spectra (zone I in the map of Fig. 1) collected from
the compressive SCRO thin film for different momentum transfer ¢
expressed in the double perovskite cubic system (dp), at a tempera-
ture of 17 K. The spectra are normalized by the integrated intensity
between 0.05 and 1.4 eV. Three excitations are resolved at 0.2, 0.65,
and 1 eV, in addition to the elastic line at 0 eV. The black curve
represents the sum of four Voigt functions that are used to fit the
experimental data collected at the X point. (b) Schematic unit cell of
the fcc SCRO in real space, and the corresponding reciprocal space
and Brillouin zone. The X marks represent the momenta that have
been probed, with the same color code used for the spectrum.

d-d intra-tp, mechanism but remains surprising in this energy
window below 0.5 eV. Similar low-energy excitations have
been reported in powder samples of Ca,FeReOg, Ba; YReOg,
Ba;FeReOg, and in the iridate Sr3CulrOg, but their origin is
unclear. They have been ascribed to multiphonon excitations
in the rhenates [18] or impurities in iridates [21]. The former
is unlikely at the high energy of the Re L3 edge because of
the very short core-hole lifetime that reduces the RIXS cross
section for phonons [22-24].

Next, we delve deeper into the role of strain in SCRO. The
direct comparison of the RIXS spectra of two films under op-
posite and equal strain, Figs. 3(a) and 3(b), directly reflects the
effect of a crystal-field sign change on the electronic structure.
The elastic line has been removed to better resolve the peak
at 0.2 eV. The three excitations discussed previously are ob-
served for all temperatures in the 17-300-K range and for both
strain states. From compressive to tensile strain, the positions
of the excitations shift slightly toward lower energies and the
spectral weight is transferred from the feature near 1 eV to
the one at 0.2 eV. The three excitations are independent of
temperature for the compressive SCRO film, but a temperature
dependence arises for 7 > 100 K when the strain is reversed
to tensile, where the excitation at 0.2 eV weakens in favor of
the other two excitations.

A few scenarios can be considered to explain the emer-
gence of these low-energy excitations. The first one is the
effect of spin-orbit coupling, Hund’s coupling, and epitax-
ial strain. While spin-orbit coupling can further split the f,,
levels into a Jer = 3/2 and 1/2 subset, this by itself is not
sufficient to explain the three excitations in the experimental
data, but spin orbit combined with a crystal field induced
by the epitaxial strain (A;) may result in three excitations.
We investigated this idea using an atomic multiplet model
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FIG. 3. RIXS spectra collected at different temperatures for (a) compressive SCRO film at g= (6.4, 0.34, 6.8) and (b) tensile SCRO film
at g =(6, 0.34, 7.2) in the 17-300-K range. The elastic line at 0 eV has been removed for a better reading of the low-energy excitations in the
experimental data, and the spectra are normalized by the integrated intensity between 0.05 and 1.4 eV. (c),(d) Best-matched EDRIXS calculations
at 17 K in presence of an exchange magnetic field. The calculated intermediate and final state allowed us to identify the peak near 0.2 eV as
the result of a spin-flip process. The insets show the electronic level splitting due to the Hund’s coupling and strain-induced tetragonal crystal
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FIG. 4. RIXS calculations and experimental data for (a) compressive and (b),(c) tensile strained SCRO at T = 17 K. A large set of input
parameters, 0.2 < A < 0.4eV, —04 <A, <04eV,0<00<0.2¢eV,and U =0, 2 eV, are used to match the experimental data. The best
setis foundtobe U =2, A = A, = 0.3 eV, and J, = 0.25 eV, although the quality of the fit is poor, especially for the excitation at 0.2 eV for
tensile SCRO. The agreement between experiment and calculation is not improved with OO as shown in (c).
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FIG. 5. Experimental and calculated energy scans at ¢ = (00 %) for the OO-induced reflections in tensile SCRO. (a) Calculated intensity
of the OO-induced reflection at (00 %) and an incident energy E; = 10.565 keV, as a function of the azimuthal angle ¢, for different incident
angle 6; and for 7, o polarization. (b) Experimental (solid lines) and calculated (dashed lines) energy-dependent intensity of the OO-induced
reflection for o polarization, 6; = 8.5° and for different ¢ values. The simulation is calculated from the absorption spectra resulting from the
EDRIXS calculation with OO for the tensile SCRO. The data are corrected for self-absorption and normalized by the Bragg reflection intensity

atg =(002).

solved by exact diagonalization, as implemented in the EDRIXS
software [14]. We systematically explored a range of values
of the on-site Coulomb interaction (U), spin-orbit coupling
(A), Hund’s coupling (Jy), and tetragonal crystal field (A,)
induced by the strain, in the range 0 < A < 0.4, |A¢] < 0.5,
0.1 <Jg £0.6,and U = 0,2 (unit of eV), and typical results
are presented Figs. 4(a) and 4(b). No good match with the
experimental data was obtained for the two states of strain,
especially for the lowest energy excitation, ruling out this first
mechanism.

The second scenario that we considered is based on
the presence of orbital-ordering. A recent theoretical study
showed using DFT + U calculations that SCRO may stabilize
at low temperatures in a new phase where the Re dy, and d,
orbitals spontaneously order in a checkerboard fashion, which
results in an energy gap formation [6]. The presence of a
0.2 eV gap has also been claimed in another experimental
study based on IR-absorption spectroscopy data [8] and might
share a common origin with the 0.2 eV excitation observed
here in RIXS. Using the same atomic model, we mimicked
the effect of OO on the energy levels of rhenium with a site-
dependent splitting of the dy, and d, orbitals via an additional
OO energy parameter in the calculation, averaging the two Re
sites involved in the chekboardlike orbital-ordering described
in Ref. [6]. We explored the range 0 < OO < 0.2 eV and
obtain the lowest energy peak near 0.2 eV with OO = 0.2 eV,
as shown in Fig. 4(c). However, the relative magnitude of the
peak is too small, indicating that OO may not be the origin of
the lowest energy excitation near 0.2 eV.

Based on this result, we performed an additional exper-
imental characterization on these SCRO thin films, which
aimed at revealing the OO by resonant elastic x-ray spec-
troscopy (REXS). Since OO slightly modifies the absorption
spectrum (XAS) of the two types of rhenium involved in the
orbital-ordering, new Bragg reflections at specific reciprocal
space coordinates should be observed. We note that due to the
nature of the orbitals involved in the predicted OO (dy, and

dy,), the intensities of the emergent Bragg reflections not only
depend on the incident photon energy near the Re L3 edge,
but also on the photon polarization direction relative to the
orbitals as shown from the calculation Fig. 5(a). We exper-
imentally probed these new Bragg reflections as a function
of the photon energy near the Re L3 edge and for different
polarization directions, and compared the results to REXS
calculations for the tensile SCRO in Fig. 5(b). The same re-
sults are obtained for the compressive SCRO in Supplemental
Material Fig. S4 [10]. No additional Bragg reflections are
observed in this REXS study, from which we conclude that
there is no long-range OO in our SCRO. Impurities, defects,
or strain gradients in SCRO (see Fig. S1c) may be responsible
for the absence of long-range order.

A third scenario is the presence of magnons. While their
dispersion has not been observed in Fig. 2, they remain a
promising candidate in this low-energy part of the spectrum,
especially in a ferrimagnetic material such as SCRO. One way
to distinguish magnons from charge excitations experimen-
tally is to use a more elaborate spectrometer to characterize
the changes in the polarization between the incident and out-
going x rays in RIXS [25]. Here, we investigated theoretically
the presence of an exchange magnetic field in the range 0 <
M < 0.1 eV in our atomic model. We also took into account
the direction of this field by considering the strain-dependent
magnetic anisotropy in SCRO thin films [9]. The magnetic
easy axis is perpendicular (parallel) to the film surface when
the strain is tensile (compressive), which translates into a field
along the z direction [0, 0, M] (in the xy plane [ M/\/2, M/ /2,
0]) in the model. We obtained good agreement between theory
and experiment in this framework, as shown in Figs. 3(c)
and 3(d). Weuse A =0.3,J, =0.25,U =2, A, = —0.2, and
M = [0, 0, 0.05] for tensile strain, and A = 0.3, J, = 0.15,
U=2,A=0.3,and M = [0.035, 0.035, 0] (unit of eV) for
compressive strain. The discrepancy in the peak intensities is
likely due to the limitation of the single atomic model, which
excludes any form of interaction between the Re and the
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surrounding ions. Each peak originates from many excitations
that are close in energy and that are broadened by a core-hole
lifetime of 0.065 eV [26]. Using the calculated intermediate
and final states, we can identify the 0.2-eV excitation as
a spin-flip process for both compressive and tensile strain,
which is allowed by symmetry [27]. For example, spin flip
from d} /d}, to d],/d}. is allowed for compressive strain.

The decrease in intensity observed for the low-energy
peaks in tensile SCRO at high temperatures is still an open
question. While it is known that bulk SCRO undergoes a
transition from a tetragonal to a cubic phase at 260 K [7], this
transition will be altered in the thin film due to the clamp-
ing effect of the substrate. To estimate the effect of crystal
field, we provide a summary of the effect of the tetragonal
crystal field parameter |A| in Fig. S3, and demonstrate that
the lowest energy peak is shifted towards lower energy levels,
resulting in a reduction in magnitude near 0.2 eV after elimi-
nating the elastic peak. However, the peak near 0.6 eV is also
shifted to ~0.4 eV, which is inconsistent with the experiment.
Future studies are needed to understand the temperature de-
pendence of the low-energy peaks depending on the strain.

While the physics of a spin-flip process can be understood
by a single Re-atom model, it cannot describe the dispersion
of the spin excitation (magnon) in reciprocal space, which
is typically large in antiferromagnetic cuprates or iridates
[28-31], nor can it describe the spin-spin interaction between
Cr and Re. We address this challenge by combining DFT
calculations and spin-wave theory [16]. The exchange cou-
pling parameters J of a nearest-neighbor Heisenberg model
are obtained from DFT, and we assume an isotropic magnetic
interaction Jy = Jy = J,. We did not include SOC for DFT
calculations because the effect of SOC is almost negligible
[6]; due to the large magnetic moments and strong magnetic
interaction in SCRO, the effect of SOC is quenched within
DFT. We extract the nearest neighbor Heisenberg coupling
J = 33.58 meV (see the Methods section) and use the Heisen-
berg model to compute the magnon spectra. We obtain 7¢c =
415 K, which is comparable to the experimental value of
Tc = 508 K from our fully ordered film [8]. The discrepancy
between the spin-wave model and the experiment may be due
to the next nearest neighbor interaction: previous theoretical
work on Sr,CrOsOg predicts nearest (J;) and next nearest
neighbor (J;) interaction parameters of J; = 35 meV and
J>/J1 = 0.4, and the predicted T¢ is 725 K that includes spin
canting [32].

As presented in Fig. 6, there are two magnon bands whose
energies are 0 and 110 meV at I', and 201 and 302 meV
at X. Differing from typical antiferromagnetic materials like
cuprates and iridates [30], which have doubly degenerate
magnon bands because of equal up- and down-spin magni-
tudes (|Sa| = |Sg|, where A and B are the two opposite-spin
TM ions) [33], SCRO is ferrimagnetic and the two lowest
magnons bands are not degenerate (|Scr| > |Srel). We also
note that the dispersion is only about 25 meV for both bands
along the X-L-W-U path but reaches 200 meV between I" and
any of these high-symmetry points.

Unlike antiferromagnetic materials, the different TM ions
with majority spin and minority spin can be disentangled in
the magnon band in SCRO. In Fig. 6, we also present the
relative weight of the Re spins in magnon bands [16,34] (see
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FIG. 6. Magnon band structure. Two lowest, nondegenerate
magnon bands. Color scale indicates the weight of Re spin involved
in the magnon mode. Exchange parameters are obtained from the
DFT and spin-wave calculation. The X markers represent the experi-
mentally measured k points and their energies.

the Supplemental Material [10] for details). We find that the
lower magnon band is Re dominated and the upper one is
Cr dominated, and that this differentiation is largest at the
k points far from I'. Specifically, along the X-L-W-U path,
the lowest magnon band at 200 meV is almost exclusively
from rhenium. For this reason, and because of the large energy
difference between the absorption spectrum (XAS) of Cr and
Re, only Re-dominated bands are observed in a RIXS experi-
ment at the Re L3 edge at the wave-vectors considered in our
experiments. The energy of this experimental Re band is about
200 meV along the X-L-W-U path, in agreement with our the-
ory. This finding shows that RIXS can be used to disentangle
the majority and minority spins from different TM ions such
as 3d-4d or 3d-5d ferrimagnetic double perovskites A;BB'Og
(A = Sr, Ca, B = Cr, Fe, B'= Mo, W, Re).

IV. CONCLUSION

We identified in this study the origin of the three exci-
tations observed in the RIXS spectra below 1.4 eV for a
Sr,CrReOg powder and thin films under different states of
strain. The strain mainly leads to a spectral weight redistribu-
tion below 1.4 eV and a temperature dependence of the lowest
energy peak at 0.2 eV for tensile strain. Three scenarios were
explored by means of RIXS calculations to understand the ex-
perimental data, based on (i) a combination of spin-orbit cou-
pling, Hund’s coupling, and strain-induced tetragonal crystal
field, (ii) an orbital ordering between the dy, and dj, orbitals of
rhenium, as predicted in a recent theoretical study, and (iii) the
presence of magnons in Sr,CrReOg. A good match between
theory and experiment was obtained in the second (ii) frame-
work but subsequent REXS experiments showed no trace of
long-range OO-induced Bragg reflections, which may be due
to strain gradients or the presence of defects in the strained
Sr,CrReQg films. This leads us to consider scenario (iii).

We showed that a spin-flip process, mainly on the Re site,
could also be responsible for the lowest 0.2-eV excitations,
and that the limited dispersive behavior observed in experi-
ment is fully compatible with the magnon calculations. The
best fit of the RIXS spectra for the different strain states
within the magnon theory framework is obtained with similar
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values of spin-orbit coupling, Hund’s coupling, and strain-
induced tetragonal crystal field, which also emphasizes the
competitive nature of the energy scale in Sr,CrReOg, which
is likely responsible for the rich physics observed in this
compound.

ACKNOWLEDGMENTS

Work at Yale was supported by the Air Force Office
of Scientific Research (AFOSR) under Grant No. FA9550-

21-1-0173. Work at Brookhaven National Laboratory was
supported by the U.S. Department of Energy, Office of Sci-
ence, Office of Basic Energy Sciences under Contract No.
DE-SC0012704. This research used resources of the Ad-
vanced Photon Source, a U.S. Department of Energy (DOE)
Office of Science user facility operated for the DOE Office of
Science by Argonne National Laboratory under Contract No.
DE-AC02-06CH11357. EY.Y. acknowledges the support by
the Center for Emergent Materials, an NSF MRSEC, under
Grant No. DMR-2011876.

[1] C. Kim, S. Lee, H.-G. Kim, J.-H. Park, K.-W. Moon, J. Y. Park,
J. M. Yuk, K.-J. Lee, B.-G. Park et al., Distinct handedness of
spin wave across the compensation temperatures of ferrimag-
nets, Nat. Mater. 19, 980 (2020).

[2] S. Okamoto, Flipping handedness in ferrimagnets, Nat. Mater.
19, 929 (2020).

[3] K.-J. Kim, S. K. Kim, Y. Hirata, S.-H. Oh, T. Tono, D.-H.
Kim, T. Okuno, W. S. Ham, S. Kim et al., Fast domain wall
motion in the vicinity of the angular momentum compensation
temperature of ferrimagnets, Nat. Mater. 16, 1187 (2017).

[4] Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida, M.
Mizuguchi, H. Umezawa, H. Kawai, K. Ando et al., Trans-
mission of electrical signals by spin-wave interconversion in a
magnetic insulator, Nature (London) 464, 262 (2010).

[5] H. Kato, T. Okuda, Y. Okimoto, Y. Tomioka, K. Oikawa, T.
Kamiyama, and Y. Tokura, Structural and electronic proper-
ties of the ordered double perovskites A;,MReOg (A = Sr, Ca;
M = Mg, Sc, Cr, Mn, Fe, Co, Ni, Zn), Phys. Rev. B 69, 184412
(2004).

[6] A. T. Lee and C. A. Marianetti, Structural and metal-insulator
transitions in rhenium-based double perovskites via orbital or-
dering, Phys. Rev. B 97, 045102 (2018).

[71 J. M. De Teresa, D. Serrate, C. Ritter, J. Blasco, M. R. Ibarra,
L. Morellon, and W. Tokarz, Investigation of the high curie
temperature in Sr,CrReQOg, Phys. Rev. B 71, 092408 (2005).

[8] A. J. Hauser, J. R. Soliz, M. Dixit, R. E. A. Williams, M.
A. Susner, B. Peters, L. M. Mier, T. L. Gustafson, M. D.
Sumption et al., Fully ordered Sr,CrReQOg epitaxial films: A
high-temperature ferrimagnetic semiconductor, Phys. Rev. B
85, 161201 (2012).

[9] J. M. Lucy, M. R. Ball, O. D. Restrepo, A. J. Hauser, J. R. Soliz,
J. W. Freeland, P. M. Woodward, W. Windl, and F. Y. Yang,
Strain-tunable extraordinary magnetocrystalline anisotropy
in Sr,CrReQOg epitaxial films, Phys. Rev. B 90, 180401
(2014).

[10] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.108.075132 for additional experimental
data and theoretical frameworks.

[11] P. E. Blochl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[12] G. Kresse and D. Joubert, From ultrasoft pseudopotentials to
the projector augmented-wave method, Phys. Rev. B 59, 1758
(1999).

[13] J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E.
Scuseria, L. A. Constantin, X. Zhou, and K. Burke, Restoring
the Density-Gradient Expansion for Exchange in Solids and
Surfaces, Phys. Rev. Lett. 100, 136406 (2008).

[14] Y. L. Wang, G. Fabbris, M. P. M. Dean, and G. Kotliar,
EDRIXS: An open source toolkit for simulating spectra of res-
onant inelastic x-ray scattering, Comput. Phys. Commun. 243,
151 (2019).

[15] N. Marzari, A. A. Mostofi, J. R. Yates, I. Souza, and D.
Vanderbilt, Maximally localized Wannier functions: theory and
applications, Rev. Mod. Phys. 84, 1419 (2012).

[16] S. Toth and B. Lake, Linear spin wave theory for single-q
incommensurate magnetic structures, J. Phys.: Condens. Matter
27, 166002 (2015).

[17] L. J. P. Ament, M. van Veenendaal, T. P. Devereaux, J. P. Hill,
and J. van den Brink, Resonant inelastic x-ray scattering studies
of elementary excitations, Rev. Mod. Phys. 83, 705 (2011).

[18] B. Yuan, J. P. Clancy, A. M. Cook, C. M. Thompson, J.
Greedan, G. Cao, B. C. Jeon, T. W. Noh, M. H. Upton et al.,
Determination of Hund’s coupling in 5d oxides using resonant
inelastic x-ray scattering, Phys. Rev. B 95, 235114 (2017).

[19] J. M. Lucy, A.J. Hauser, H. L. Wang, J. R. Soliz, M. Dixit, R. E.
A. Williams, A. Holcombe, P. Morris, H. L. Fraser et al., Buffer-
layer enhanced structural and electronic quality in ferrimagnetic
Sr,CrReOg epitaxial films, Appl. Phys. Lett. 103, 042414
(2013).

[20] A. J. Hauser, J. M. Lucy, M. W. Gaultois, M. R. Ball, J. R.
Soliz, Y. Choi, O. D. Restrepo, W. Windl, J. W. Freeland et al.,
Magnetic structure in epitaxially strained Sr,CrReOyg thin films
by element-specific XAS and XMCD, Phys. Rev. B 89, 180402
(2014).

[21] X. Liu, V. M. Katukuri, L. Hozoi, W.-G. Yin, M. P. M. Dean,
M. H. Upton, J. Kim, D. Casa, A. Said et al., Testing the Va-
lidity of the Strong Spin-Orbit-Coupling Limit for Octahedrally
Coordinated Iridate Compounds in a Model System Sr3CulrOg,
Phys. Rev. Lett. 109, 157401 (2012).

[22] L. Braicovich, M. Rossi, R. Fumagalli, Y. Peng, Y. Wang, R.
Arpaia, D. Betto, G. M. De Luca, D. Di Castro et al., Determin-
ing the electron-phonon coupling in superconducting cuprates
by resonant inelastic x-ray scattering: methods and results on
Nd;,,Ba,;_,Cu307_s, Phys. Rev. Res. 2, 023231 (2020).

[23] L. J. P. Ament, M. van Veenendaal, and J. van den Brink, De-
termining the electron-phonon coupling strength from resonant
inelastic x-ray scattering at transition metal L-edges, Europhys.
Lett. 95, 27008 (2011).

[24] H. Yavag, M. van Veenendaal, J. van den Brink, L. J. P. Ament,
A. Alatas, B. M. Leu, M.-O. Apostu, N. Wizent, G. Behr et al.,
Observation of phonons with resonant inelastic x-ray scattering,
J. Phys.: Condens. Matter 22, 485601 (2010).

[25] H. Elnaggar, R.-P. Wang, S. Lafuerza, E. Paris, Y. Tseng,
D. McNally, A. Komarek, M. Haverkort, M. Sikora et al.,

075132-7


https://doi.org/10.1038/s41563-020-0722-8
https://doi.org/10.1038/s41563-020-0779-4
https://doi.org/10.1038/nmat4990
https://doi.org/10.1038/nature08876
https://doi.org/10.1103/PhysRevB.69.184412
https://doi.org/10.1103/PhysRevB.97.045102
https://doi.org/10.1103/PhysRevB.71.092408
https://doi.org/10.1103/PhysRevB.85.161201
https://doi.org/10.1103/PhysRevB.90.180401
http://link.aps.org/supplemental/10.1103/PhysRevB.108.075132
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1016/j.cpc.2019.04.018
https://doi.org/10.1103/RevModPhys.84.1419
https://doi.org/10.1088/0953-8984/27/16/166002
https://doi.org/10.1103/RevModPhys.83.705
https://doi.org/10.1103/PhysRevB.95.235114
https://doi.org/10.1063/1.4816803
https://doi.org/10.1103/PhysRevB.89.180402
https://doi.org/10.1103/PhysRevLett.109.157401
https://doi.org/10.1103/PhysRevResearch.2.023231
https://doi.org/10.1209/0295-5075/95/27008
https://doi.org/10.1088/0953-8984/22/48/485601

GUILLAUME MARCAUD et al.

PHYSICAL REVIEW B 108, 075132 (2023)

Magnetic contrast at spin-flip excitations: An advanced x-
ray spectroscopy tool to study magnetic-ordering, ACS Appl.
Mater. Interfaces 11, 36213 (2019).

[26] J. C. Fuggle and J. E. Inglesfield, Unoccupied Electronic States
(Springer, Berlin, 1992), Vol. 69.

[27] M. van Veenendaal, Polarization Dependence of L- and M-Edge
Resonant Inelastic X-Ray Scattering in Transition-Metal Com-
pounds, Phys. Rev. Lett. 96, 117404 (2006).

[28] L. Braicovich, L. J. P. Ament, V. Bisogni, F. Forte, C.
Aruta, G. Balestrino, N. B. Brookes, G. M. De Luca, P. G.
Medaglia et al., Dispersion of Magnetic Excitations in the
Cuprate La,CuO,; and CaCuO, Compounds Measured Us-
ing Resonant X-Ray Scattering, Phys. Rev. Lett. 102, 167401
(2009).

[29] W.-G. Yin, X. Liu, A. M. Tsvelik, M. P. M. Dean, M. H.
Upton, J. Kim, D. Casa, A. Said, T. Gog et al., Ferromagnetic
Exchange Anisotropy from Antiferromagnetic Superexchange
in the Mixed 3d-5d Transition-Metal Compound Sr;CulrOg,
Phys. Rev. Lett. 111, 057202 (2013).

[30] S. H. Chun, B. Yuan, D. Casa, J. Kim, C.-Y. Kim, Z. Tian,
Y. Qiu, S. Nakatsuji, and Y.-J. Kim, Magnetic Excitations
Across the Metal-Insulator Transition in the Pyrochlore Iridate
Eu,Ir,07, Phys. Rev. Lett. 120, 177203 (2018).

[31] L. Braicovich, J. van den Brink, V. Bisogni, M. M. Sala, L.
J. P. Ament, N. B. Brookes, G. M. De Luca, M. Salluzzo,
T. Schmitt et al., Magnetic Excitations and Phase Separation
in the Underdoped La,_,Sr,CuO, Superconductor Measured
by Resonant Inelastic X-Ray Scattering, Phys. Rev. Lett. 104,
077002 (2010).

[32] O. N. Meetei, O. Erten, M. Randeria, N. Trivedi, and P.
Woodward, Theory of High Tc Ferrimagnetism in a Multior-
bital Mott Insulator, Phys. Rev. Lett. 110, 087203 (2013).

[33] S. M. Rezende, A. Azevedo, and L. R. Rodriguez-Sudrez, In-
troduction to antiferromagnetic magnons, J. Appl. Phys. 126,
151101 (2019).

[34] K. Saritas and S. Ismail-Beigi, Piezoelectric ferromagnetism in
two-dimensional materials via materials screening, Phys. Rev.
B 106, 134421 (2022).

075132-8


https://doi.org/10.1021/acsami.9b10196
https://doi.org/10.1103/PhysRevLett.96.117404
https://doi.org/10.1103/PhysRevLett.102.167401
https://doi.org/10.1103/PhysRevLett.111.057202
https://doi.org/10.1103/PhysRevLett.120.177203
https://doi.org/10.1103/PhysRevLett.104.077002
https://doi.org/10.1103/PhysRevLett.110.087203
https://doi.org/10.1063/1.5109132
https://doi.org/10.1103/PhysRevB.106.134421

