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tic insulators (FMIs) are one of the most important components in developing
s electronic and spintronic devices. However, FMIs are innately rare to find in nature as
fer nefism generally accompanies metallicity. Here, we report novel room-temperature FMI films
that are epitaxially synthesized by deliberate control of the ratio between two B-site cations in the
do skite Sr,Fe;Re; O (-0.2 < x < 0.2). In contrast to the known FM metallic phase in
stoichiometfiic Sr,FeReO4, a FMI state with a high Curie temperature (7. = 400 K) and a large
saturation magnetization (Mg =~ 1.8 puB/fu.) is found in highly cation-ordered Fe-rich phases. The
sta of the FMI state is attributed to the formation of extra Fe’’~Fe’" and Fe*—Re®" bonding
stat€, which originate from the relatively excess Fe ions owing to the deficiency in Re ions. The
emerging FMI state by controlling cations in the oxide double perovskites opens the door to developing
no

us

1

uantum materials and spintronic devices.
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Hig emperature (T.) ferromagnetic insulators (FMIs) are critical for realizing

dissipation tum electronic/spintronic devices and solid-state quantum computing.[l] FMIs

N

are ess r electronic charges to generate pure spin currents, to manipulate spins in

U

nonmagnelic layers by magnetic proximity effect,”* and to create a quantum anomalous Hall effect
in combin topological insulators.” ® Unfortunately, the ferromagnetism generally

accompa allicity in nature. The most common mechanism for the ferromagnetism is the

A
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RKKY interaction,”® where itinerant electrons mediate FM interactions among local spins. Such
interaction, therefore, is completely suppressed in insulating materials, and an antiferromagnetic
ground H\Ily emerges. While oxide perovskites are promising materials for future
technologi he rich correlated phenomena, such as high T superconductivity, colossal
magnetgre—irance, ferroelectricity, and metal-insulator transition, only few perovskite FMIs are
known and theirgnagnetic transitions occur at low temperatures (T).”O]

Thpjouble perovskite system (A,B’'B”Qg) is a promising candidate for FMIs because of
the unique iIsm of their ferromagnetism and different nature of 3d and 5d orbitals. Double
perovskitesargpatible with other oxide perovskites owing to the similar crystallographic

structure. T ifferent B-site cations are known to order in the checkerboard type as shown in

Figure. 1a. e of these compounds are ferromagnetic metals (FMMs) above room T, they

have been d as a promising candidate for spintronic devices.""**® The uniqueness of

ferrom hese materials is that it originates from the so-called hybridization mechanism

instead of the interaction."”” In the hybridization mechanism, high-T ferromagnetism is
stabilized by large exchange splitting of one of the two magnetic ions and spin-dependent
hybridizatis between the two B-site d orbitals.™ ™ Since itinerant electrons do not play a role in
inducing feQetism, the latter can be robust against the depletion of free carriers. Among

those doub skites, particular attention is paid to systems composed of 3d and 5d transition

metal ions,ghich have potential to show a wide range of electronic and magnetic ground states

owing t(M'ative/competitive interactions between strongly localized 3d orbitals and

extended/spln-ors coupled 5d orbitals.

<C
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Here, we report a way to synthesize highly insulating double perovskite epitaxial films with

high T, ferromagnetism (= 400 K) by properly controlling the ratio and ordering of two cations in

t

Sr,Fe;.Re., < x£0.2) systems. We found that, when other growth parameters are optimized,

asingle gr ter, oxygen partial pressure, can be utilized to widely tune the ratio between

two B site cations Fe and Re. In addition to the original FMM state, which can be found when the

(i

Fe/Re ratio js balanced, FMI states are obtained in the growth regime of Fe-rich and cation-ordered

O

phases. Th sheet resistance of insulating films are about three orders of magnitude larger

than that allic films. X-ray absorption and optical spectroscopy further revealed that the

formation ** and Fe®*—Re®" bonding is responsible for the insulating electronic structure in

us

Fe-rich fil

N

w Ised laser deposition with a sintered Sr,FeReQg target to synthesize high-quality

SryFes.Re 806 @ xial thin films on (001) SrTiO; substrates. The latter are thermally and chemically

d

tomically flat, TiO,-terminated surfaces. For crystallographic parameters, we

treated

treated our fi pseudocubic with a slight tetragonal distortion (a,. = b,. = 7.864 A and Coc = 7.901

VA

A for the case of stoichiometric bulk sample) to match the crystallographic direction with that of the

cubic subsfate. It is known that the growth of double perovskite thin films is sensitive to many

§

growth par including oxygen pressure (Po;), substrate T, and growth rate.1?02% Among many

O

growth para s, we found that Py, was the most critical growth parameter affecting the ratio

and cation'\@rdering in Sr,Fe;,,Re 1.,O¢ films. Figure 1b exhibits x-ray diffraction (XRD) 9—2 scans of

q

films gr arious Po, at fixed T = 775 °C. Note that, within the whole range of Pg,, high-

{

quality epitaxial filfs with perovskite structures were obtained.

U

A

This article is protected by copyright. All rights reserved.

4



WILEY-VCH

Rutherford back-scattering spectrometry (RBS) experiments revealed that x, stoichiometry
between two B site cations (Fe and Re), can be widely controlled only by Pg,. Each RBS spectrum for
a film grhfferent Po, was fitted to extract the quantitative portion of Sr, Fe, and Re ions in
the film. V&als from Fe and Re ions were clearly resolved from the substrate signal, Sr
signal fr%rvEuastrate makes it difficult to accurately measure the portion of Srions in films.
Nevertheless, fitting values for the amount of Sr ions in every film turned out to be comparable to
the sum of e ions. Figure 1c shows x values from the RBS spectra as a function of the growth
Poy. A cIeawas observed; x increases as the growth Pg, increases. Note that stoichiometric
(x~0) films ained only in the very narrow P, range from 10 to 25 mTorr while films grown
below 10 come Re-rich phases (x<0) and films grown above 25 mTorr become Fe-rich
phases (x>s. This observation confirms that relative ratio between Fe and Re ions can be precisely
controlled imple growth parameter, Py,. Such a large tunable stoichiometry by growth
pressure is hu but not impossible as a previous study on double perovskite Sr,MoFeQg films
demonstra§25] !n our films, we speculate that a highly volatile ReO; phase may attribute to such a
large st i tuning by oxygen pressure. ReO; phase is extremely volatile so that it sublimates

even at 200 °C.%? Since this phase is one of the highest oxidized states of Re, ReO; will more likely

occur during row!h with high Pg,. Then, these vacant positions of Re ions could be occupied by Fe

ions owing dbnequilibrium process of pulsed laser deposition and its similar ionic radius (Fe*":
78.5 pmﬂe ions (Re>*: 72 pm), consistent with our observation of Fe-rich phases in high
POZ. '

In additiofyto cation stoichiometry confirmed by RBS, one can expect the oxygen

stoichiometry mif depend on Py, as well, which is very difficult to rule out completely in most
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cases. We conjectured, however, that the amount of oxygen vacancies in our films is insignificant

due to the following reasons: First, our films are compressively strained. It is known that the

t

P

formation en vacancies is less likely in compressively strained perovskites compared to
tensile str ites due to kinetic and thermodynamic limitations.”””* We therefore expect

that the'¢o pressive strain induced by the SrTiO; substrate helps suppress the formation of oxygen

[1

vacancies relativg to the case of tensile strain. Second, the lattice parameters of the entire films did

C

not show a tion when postannealed. Note that oxygen vacancies in most perovskites are

known to yieldfexpanded lattice parameters. Therefore, if there were noticeable oxygen vacancies in

$

our sampl Id expect a shift XRD peak positions with postannealing as oxygen vacancies are

U

compensatet ever, post annealing experiments with our films did not show any shrinkage of

the lattice arameters. Third, the valence of Fe (Re) ions in our stoichiometric films (x~0) turned out

A

to be close ) in XAS spectra, implying the fully oxidized states. We, therefore, conclude that

d

Po, mainly cont the relative ratio between two cations, while barely affecting the Sr and O

stoichiome jdating our chemical formula Sr,Fe;,,Re;.Os.

V]

Another important structural parameter for double perovskites is cation ordering of Fe and
Re ions. W@En B-site cations are ordered in the checkerboard type, they are alternatively stacked
along the [ ction as highlighted by the red and blue lines in Figure 1d. This ordering is
confirmed b off-axis scans at = 54.7° near the Sr,FeReOg 111 peak. As shown in Figure 1e, the
111 peak isnly observable for films grown with a Py, higher than 15 mTorr. Such a cation ordering
is furtheM by scanning transmission electron microscopy (STEM). The schematic drawing in

Figure 1d sEows 5r0jected structure of Sr,FeReQg along the [1-10] direction. The two B-site cations

are ordered alonfe projected direction, so that they can be resolved by high-angle annular dark

This article is protected by copyright. All rights reserved.
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field (HAADF) imaging.”” In HAADF images, Re ions (atomic number Z = 75) give the brightest
intensity, while the intensity of Sr (Z=38) and Fe (Z = 26) ions is less intense as they are lighter than

Re. The Figlire 1f is a HAADF image of a cation-ordered film grown at 20 mTorr. The clear ordering

pi

highlighte jamond is observed as expected from the Re position of ordered double
perovskﬂe own In Figure 1d. In the HAADF image of the disordered film grown at 1 mTorr (Figure

1g), on the qtherhand, such ordering was destroyed, which can be confirmed by a uniform contrast

for all the

CI1

is observation is consistent with the disappearance of the 111-ordering peak in

XRD scans ffor thie samples grown in low Py, (< 15 mTorr). From the RBS, XRD, and STEM

S

experimen nclude that the oxygen pressure must be well balanced in three regimes, i.e., low

U

Po, (<15 m "Po, near 20 mTorr (15 ~ 25 mTorr), and high Pg, (> 25 mTorr), to make

disorderedffRe-rich, ordered/stoichiometric, and ordered/Fe-rich phases, respectively, as illustrated

f

in Figure 1

(O

noted that cation-ordered films are only obtained in stoichiometric and Fe-rich

films (x=0) whi rich films (x<0) preferred to be disordered. Although cation ordering and ratio
might be independently affected by detailed growth mechanisms, the tendency of cation disordered
states in R!rich phases could be understood in terms of an auxiliary effect from the change of
stoichiome of the most important factors for cation ordering is how much the ionic radius of
two cations erent: if the radius of two B-site cations are similar, the cation ordering would be
more diffi!it. According to our XAS spectra, which will be discussed in detail later, valence of Fe ions

remainsMire set of samples while valence of Re ions changes from 4+ in Re-rich phases to

6+in Fe-ricE pEass to satisfy charge neutrality. Note that, ionic radii of Re*" ions is 77 pm, which is

very close to the :1 ic radii of Fe ions (78.5 pm). On the other hand, Re>* and Re®" ions have ionic

This article is protected by copyright. All rights reserved.
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radius of 72 and 69 pm, different enough from that of Fe** to have cation ordering. This explanation

is consistent with our observation that there is cation ordering in stoichiometric and Fe-rich phases

t

but not in Re- phases.

W d the evolutions of magnetic and electronic ground states in our Sr,Fey,Re;.
||

<O films. Figures 2a, b, and c display magnetization (M) versus T curves, M versus magnetic field (H)

£

curves, andfT-dep8ndent sheet resistance Rs(T) of three characteristic samples, Re-rich/disordered (x

SC

=-0.2, Po; = rr), stoichiometric/ordered (x = 0.05, Po, = 20 mTorr), and Fe-rich/ordered (x = 0.2,
Py, =100 ) s, respectively. The cooling and measuring field for M(T) curves was 1000 Oe,

and the M(H) curv@s were measured at 10 K. We first focused on the stoichiometric/ordered film

Ul

(indicated lines). The M(T) curve was consistent with typical of long-range ferromagnetic

I

ordering. T he T, of the films, we further obtained saturated magnetization (Ms) data at high

T. The results own as open circles in the Figure 2a. From the data, a T, near 400 K was

a

determi milar to previous reports of 390-410 K for bulk samples.**** The M(H) curve in

Figure 2b for ered/stoichiometric film shows a clear hysteresis behavior as well. The M; of 2.0

+ 0.1 pg/f.u. lower than the ideal value 3.33 pg/f.u. was likely due to potential antisite disorder in

films, a typfally problem in all double perovskite materials.™ In particular, a thorough study on

§

polycrystal ReOg revealed that the magnetism in Sr,FeReOg is known to be more sensitive to

e,

the amount site disorders than other double perovskites.®” According to their empirical

relationshiglbetween M and amount of antisite disorder, the observed Ms of 2.0 pg/f.u. implies ~12

q

% of an rs in our films. The electronic ground state for the stoichiometric/ordered film is

{

metal because t Rs(T) in Figure 2c showed a negligible T dependence with decreasing T only with

E

small upturns at T from the impurity scattering. Therefore, ground state of our

A
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stoichiometric/ordered film is described as ferromagnetic metal (FMM), consistent with

polycrystalline bulk results.*

w riginal ferromagnetic ground state was observed in the Fe-rich/ordered films but
completel d in the Re-rich/disordered film, the metallic ground state was more

H I
vulnerable®o excess Fe ions than excess Re ions. In Fe-rich/ordered films (blue lines), we observed a

clear magr@ition near 400 K as well as hysteresis behavior with the Ms approximately 1.8

ug/f.u. as showngn Figure 2a and b. For Re-rich/ disordered films (Red lines), on the other hand, a
)

long-range c ordering is completely destroyed, as evidenced in no T-dependence in M(T)

curves and lack of Wiysteresis in M(H). A small but finite value of magnetization in disordered samples

at high fiel inply the presence of the short-range magnetic ordering or spin-glass behaviors.
From the a culation about insignificant amount of oxygen vacancies in our films, we
attributed t disappearance of long-range ordering in Re-rich films to the absence of B-site
cation i wn to play a critical role in ferromagnetic ground states in double perovskite

systems. In co to the magnetism, the metallic ground state was preserved in Re-

ilms as Rs(T) in Figure 2c showed a negative T dependence with decreasing T.
However, 1! the case of Fe-rich films, a clear insulating behavior was observed. It should be noted
that variathm-T resistivity is about three orders of magnitude. The observed metal-insulator
transition in

SrzFe1+XRe1£6,[34] which can be attributed to the absence of metallic grain boundaries in our film

that oftMpolycrystalline films. As summarized in Figure 2d, the magnetometry and

gle crystalline films is more dramatic than that reported for polycrystalline

transport experlits revealed paramagnetic metal (PMM), FMM, and the demanding room-

<C
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temperature FMI in Re-rich/disordered (x<0), stoichiometric/ordered (x = 0) and Fe-rich/ordered

(x>0) Sr,Fe;Rey,,O¢ films, respectively.

1

ay absorption spectroscopy (XAS) to gain a deeper understanding of the FMI

state in Fe- . The top panel of Figure 3a shows total electron yield (TEY) XAS spectra near the
|

Fe L3 and L3%edges of a Re-rich PMM, stoichiometric FMM, and Fe-rich FMI films. By comparing with

[35,36]
1,

the refere Fe"WFe®*, and Fe*" spectra in the bottom pane we found that the spectral

G

features from allic and insulating films were overall similar to those of octahedral Fe*. The two-

S

peak struc L; and L, edges originates from the transitions from 2p core levels to empty 3d

t,g and e, orbitals. Whe only noticeable change we found in the FMI film is that the peaks for

Ul

unoccupie als are better resolved and have a higher intensity than those from metallic

films. Simil have been observed in fluorescence yield (FY) spectra (the inset of Figure 3a),

11!

—+
>

indicating that such a spectral change did not originate from the surfaces. While the formation of

Fe®* ion in the increased intensity at the t,, peaks, such formation is unlikely in Fe-rich

phases, wher ould prefer to be Fe*" for charge neutrality. The formation of Fe* ions, known to

AP

broaden L-edge XAS spectra significantly, is also inconsistent with our observation that the spectrum

of the Fe-righ FMI film shows shaper t,, and e, peaks than those of the PMM and FMM films. In

£

addition, a Mossbauer study on Sr,Fe;,,Re;.,O¢ polycrystalline samples revealed the robust

O

trivalent Fe is maintained in Fe-rich samples.?* We found that the decrease in the

hybridizati@n between the Fe 3d and Re 5d orbitals owing to the Re deficiency can explain this

q

spectral his double perovskite, there is strong hybridization between Fe 3d and Re 5d

{

orbitals, which indpices charge transfer from the Re t,4 to Fe ty, orbitals.””! Therefore, Re deficiency

A
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would reduce the amount of the charge transfer, resulting in enhancement of the unoccupied

density of states (DOS) of Fe t,, orbitals.

In to the robust trivalent Fe valence, the valence of Re ions is modified in
Sr,Fe;.Re ., 0% . Figure 3b shows XAS spectra of PMM, FMM and FMI films of Re L; and L, edges
H I

(the top pafiel) together with reference spectra of Re*, Re>*, and Re®* (the bottom panel).?” The
black dash@dicates the center position of the Re** spectrum. As shown in the reference
spectra, a characteristic feature of changes in Re valences is that spectral weight of the peak shifts to
higher ene s € valence increases. A similar trend has been observed in our Sr,Fey,,Re;Og films
as x increasedjpared to stoichiometric films with 5+ Re valence, the center energy of the peak

of the Re—rﬂﬁlm shifted to lower energy, indicating the presence of Re* ions. On the other

hand, spec t of the peak of the FMI film with excess Fe moved to higher energy, indicating

the emergme& ions. To examine such evolutions in spectra more clearly, we subtracted the

spectru film from that of a stoichiometric FMM film (/gmi-lemm). These spectral changes

are very simil e difference between Re® and Re’* reference spectra (/regs-/ress)- It is @ natural

consequence of the robust trivalent Fe** ions, which requires a higher oxidation state of Re ions for
charge neLSaIity in the Fe-rich phase. Note that, the substitution of a Re>*ion for an Fe*" ion will

introduce t itional Re® ions to maintain the average valence of B site cations as 4+ as

confirmed e XAS data.

Lat the excess Fe*" ions and emergence of Re® ions are keys to understand the

dramatic i*rease of resistance of the Fe-rich phase. In this regime, there are three bonding types

connectin% the n§est B-site cations, i.e., Fe**—Re>", Fe**—Fe®*, and Fe**—Re®". As shown in Figure 4a,

we can watics of local DOS for each bonding based on density functional theory (DFT)

This article is protected by copyright. All rights reserved.
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calculations of A,FeReOg,*® LaFe0s, and Sr,FeW0,.!*"! For the original Fe**—Re” bonding in
stoichiometric samples, Re 5d orbitals are located below Fe 3d orbitals. Strong hybridization and

charge transfer between Fe 3d and Re 5d orbitals, therefore, induce dispersive band structures

Dt

crossing th | (E;), yielding the metallic behavior. On the other hand, the Fe**~Fe*" bonding

found ir!f example the simple perovskite LaFe03,*¥ is known to result in an insulating state due to

4

the strong Caulogb interaction. The Fe**—Re® bonding is expected to show an insulating nature as

the Fe*-R

C

ng is the same as the Fe**~W*" bonding in the insulating Sr,FeWOs. A previous

DFT calculdtiopexplained that strong hybridization between extended W 5d" and O 2p orbitals

$

pushes the itals above the Fe 3d orbitals, disturbing the charge transfer and, thereby,

U

stabilizing ting ground state.™” Similar arguments can be applied to the Re® 54" orbitals,

implying aflinsulating nature for the Fe**~Re® bonding. Since one substitution of one Re>" ion with

f

an Fe** ion es not only one Fe**~Fe’* but also two Fe**~Re® bondings, this modification in

d

turn triples the ctiveness of stabilizing the insulating ground state.

Optic troscopy further confirms the schematic DOS shown in Figure 4a. Figure 4b

\l

shows the real part of optical conductivity oi(®) between 1.2 and 5 eV of PMM, FMM and FMI films

measured @ a spectroscopic ellipsometer. For the original Re**—Fe*" bonding of stoichiometric

§

Sr,FeReOs, expect two types of optical transitions: d-d transitions between Re 5d and Fe 3d

e,

orbitals (lab A in Figure 4a) and p-d transitions from O 2p to Re/Fe d orbitals (B in Figure 4a).

As expecte@d, we observed two distinct spectral features, i.e., a broad spectral weight below 2.5 eV

q

(A) and k near 4 eV (B), in oy(w) of a FMM film (green line), consistent with previous bulk

[

data.” In the FMWilm, on the other hand, spectral weights of A and B were dramatically reduced

U

while a new pe noted as C emerged. The peak C could be assigned as transitions from O 2p to Fe

A
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3d orbitals in the Fe**—Fe** bonding in Figure 4a, similar to a previous optical study on La**Fe* 0,1
We did not observe any absorption expected from the Fe**~Re®* bonding, i.e. transitions from O 2p
to Re/Fedein this accessible energy regime. As shown in the schematic diagram in Figure 4a,
O 2p state ing state is farther from E: than those of other two bonding states by the

strong o) 1.3k hybridization, which yields the corresponding optical transitions at higher

energies th@'nstrumental limit.

Itis worEwhiIe to compare FMI states observed in Sr,Fe,.,Re;,O¢ films and FMI states

observed i oped manganites. In manganites, i.e. La,.,Sr,MnQ3, while the optimal doping

(x=0.3) stabilize a BMM state, a peculiar FMI state emerges in a lightly doped region (0.1<x<0.17).1*%
This metal-i transition with robust ferromagnetism by changing the valence of Mn is
phenomen similar to our observation in the Sr,Fe;,,Re,.,0g system. Therefore, these phase

similaritie Lay,Sr,MnO; and Sr,Fey,Re;O¢ imply that intriguing physics intensively studied

in man Iso exist in the latter system, such as the phase separation, coexistence of FMM

and antiferro tic insulating phases, and colossal magnetoresistance.'*? Further studies on

Sr,Fey.Re;,Og, therefore, are highly encouraged. One noticeable difference between these two
cases, howSer, is the robustness of T¢. T¢in underdoped manganites has strong doping dependence
with depleti arge carriers, whereas the stoichiometry effect on T in the double perovskite
system is m e. This difference might be attributed to hybridization-induced ferromagnetic

interactios which is known to be irrelevant to free carriers in double perovskites, thereby,

providi nt playground to search for high-T. ferromagnetic insulators.

In summ;s, we discovered a new room-T ferromagnetic insulator by deliberately controlling

the rati%te cations in the double perovskite Sr Fe;,Req.O¢. A single growth parameter Pq,

This article is protected by copyright. All rights reserved.
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was used to control the cation ordering and ratio. Particularly in the Fe-rich/ordered growth regime,
we found an intriguing FMI state which was attributed to excess Fe** and emergent Re®" ions. Our
results MW promising route to developing oxide ferromagnetic insulators, useful for
applicatio ilter, magnetic proximity, and quantum anomalous Hall effects. This new FMI

may alsge!ﬂi e the development of energy efficient quantum electronic and spintronic devices.

Experime

SC

Synthesis Re...O¢ films: We used pulsed laser deposition to grow high-quality Sr,Fe;,Re;.

y;

<06 films in iseffange of growth parameters, such as temperature (T = 650 — 775 °C), oxygen

partial presgure (Po, = 0.1 — 100 mTorr), laser fluence (1-2 J/cm?), and laser repletion rate (1-10 Hz).

g

Among the arameters, oxygen partial pressure turned out to be the most critical parameter

d

for cation ofde nd stoichiometry control. Therefore, the samples presented here were grown at

fixed co after extensive optimization processes — T (775 °C), laser fluence (1.5 J/cm?), and

freque — except the oxygen pressure. All the films used in this work are 30-40 nm in

M

thickness.

[

Basic charactenigation: High-resolution four circle x-ray diffraction, superconducting quantum
interferenc , and physical property measurement system were used to check the

crystallogr@phic, magnetic, and transport properties of thin films, respectively.

g

[

Scannin ion electron microscopy: Cross-sectional specimens for scanning transmission

electron microscopy imaging were prepared using ion milling after mechanical thinning and

U

precision poli »High-angle annular dark-field imaging was carried out in a Nion UltraSTEM100

A
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operated at 100 keV. The microscope is equipped with a cold field-emission gun and an aberration

corrector for sub-angstrom resolution. An inner detector angle of 78 mrad was used for imaging. The

convergent i-angle for the electron probe was set to 30 mrad.

Rutherfor - ring spectrometry: Rutherford back-scattering spectrometry technique was
H I

used to det@rmine the Re/Fe ratio in the films. A parallel 2.0 MeV He beam was employed in these

i

measuremg@nts with a detector located underneath the He beam at a backscattering angle of 168°

and solid angle .3x107 sr to have a combining advantage of optimized mass resolution and depth

SC

resolution.

U

X-ray abso ctroscopy: Fe L—edge spectra were obtained at the beamline 4—-ID-C of

Advanced Bhoton Source at 50 K with total electron and fluorescence yield modes. The Re L—edge

N

spectra were taken at the beamline 4—ID-D of Advanced Photon Source with an energy dispersive

)

detector by cpllecting the Re L, and Re Ly fluorescence lines, respectively, for the L3 and L, edges.

Spectroscopic metry: By using a M-2000 ellipsometer (J.A. Woollam Co.), two ellipsometric

\(

param , for a thin film and a bare SrTiO; substrate were obtained at room

temperatuge. A two-layer model composed of the substrate and the film was constructed to

[;

determine t ical constant of the film.

O
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owth of highly cation-ordered epitaxial Sr,Fe;,,Re;Os films. a) Schematic of the
r,FeReQg. Spin-orbit coupled 5d wavefunction and localized 3d wavefunction are
€ oCtahedra. b) XRD 9-29 scans for Sr,Fe;,Re;Og films on SrTiO; grown at 775 °C
under different Asterisks indicate peaks from the SrTiO; substrate. c) x values in Sr,Fey,,Re;.,O¢
formul om RBS measurements as a function of Pg,. d) A schematic of the projected

visualiz

double perovskite structure along the [1-10] direction. Blue and red lines are alternating atomic
planes of Re and Fe along the [111] direction, respectively. The [111] direction is indicated with a
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disordered
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Ferromag @ ators, innately rare in nature, are important components for realizing
dissipationless quantum electronic/spintronic devices and solid-state quantum computing. Room-

temperau agnetic insulating films are successfully synthesized by deliberate control of
cation rati ering in oxide double perovskites Sr,Fe;.,Re;,0s, Which can be used for future

developmewanced quantum devices working at the ambient temperature.
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