aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Tuning magnetic coercivity with external pressure in iron-
rhenium based ferrimagnetic double perovskites
C. A. Escanhoela, Jr., G. Fabbris, F. Sun, C. Park, ). Gopalakrishnan, K. Ramesha, E.
Granado, N. M. Souza-Neto, M. van Veenendaal, and D. Haskel
Phys. Rev. B 98, 054402 — Published 2 August 2018
DOI: 10.1103/PhysRevB.98.054402


http://dx.doi.org/10.1103/PhysRevB.98.054402

Tuning magnetic coercivity with external pressure in iron-rhenium based
ferrimagnetic double perovskites

C. A. Escanhoela Jr.,»»2 G. Fabbris,? F. Sun,>3 C. Park,* J. Gopalakrishnan,® K.
Ramesha,[] E. Granado,® N. M. Souza-Neto,! M. van Veenendaal,”2[f] and D. Haskel? [

! Brazilian Synchrotron Light Laboratory (LNLS), Campinas, SP 13083-970, Brazil
2 Advanced Photon Source, Argonne National Laboratory, Argonne IL 60439
?Center for High Pressure Science and Technology Advanced Research (HPSTAR), Shanghai 201203, China
4HPCAT, Carnegie Institution of Washington, Argonne, Illinois 60439, USA
9Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560012, India
67Qleb Wataghin” Institute of Physics, University of Campinas-UNICAMP, Campinas, Sdo Paulo 13083-859, Brazil
"Department of Physics, Northern Illinois University, De Kalb, Illinois 60115, USA

We studied the effect of physical pressure on the electronic and magnetic properties of ferrimag-
netic double perovskites AsFeReOg (A=Ca, Ba) using Re L2 3 edge x-ray absorption spectroscopy
and powder diffraction measurements. Volume compression is shown to dramatically increase the
magnetic coercivity (H.) in polycrystalline samples of both compounds with AH./AV ~ 150-200
Oe/A3. A nearly eight-fold increase in H., from 0.2 T to 1.55 T, is obtained in BasFeReOg at P=29
GPa. While no signs of structural phase transitions are seen in either sample to ~ 30 GPa, the
structural data points to a pressure-driven increase in tetragonal distortion of ReOg octahedra. A
sizable but pressure-independent Re orbital-to-spin magnetic moment ratio is observed, pointing to
the critical role of spin-orbit interactions at Re sites. We present a j.g description of the electronic
structure that combines effects of crystal field and spin-orbit coupling on the Re 5d? orbitals and use
this description to provide insight into the pressure-induced enhancement of magnetic anisotropy.

I. INTRODUCTION

The versatility afforded by combining different transi-
tion metal (TM) ions at the B and B’ sites of ordered dou-
ble perovskites AsBB’Og (A is an alkaline ion) provides
a prolific ground for exploration of novel quantum states
and properties?@. This is particularly promising for com-
binations of TM ions belonging to different rows of the
periodic table. For example, the combination of first-row
TM ions (localized 3d electrons and strong local mag-
netic moments) at B sites, with the more delocalized 5d
electrons of heavy third-row TM ions (strong spin-orbit
interactions) at B’ sites, can lead to high magnetic or-
dering temperatures and enhanced anisotropy® 1Y, While
oxygen-mediated exchange interactions between 3d TM
ions in corner-shared TMOg octahedra are rather well
understood in terms of Goodenough-Kanamori (GK)
rules?™29% the understanding of oxygen mediated 3d-5d
interactions is less developed?™24 The disparate en-
ergy scales of crystal field (1-3 eV), Coulomb interaction
U — Jyg where U is on-site Coulomb repulsion and Jg
is Hund’s coupling (1-7 eV), and spin-orbit interactions
(0.01-0.5 eV) at 3d and 5d sites challenges our under-
standing of indirect exchange interactions in these sys-
tems but presents an opportunity to tailor transport and
magnetic properties?®29, The extended nature of 5d or-
bitals, while favoring exchange interactions, may require
going beyond first neighbor exchange as well as inclu-
sion of direct exchange pathways in microscopic models
of magnetic interactions 2728,

A case in point is that of double perovskites AsFeReOg
(A = Ba, Sr and Ca) and SroFeMoOg, which are ferri-
magnets with high degree of spin polarization of conduc-
tion/valence electrons and high magnetic ordering tem-

perature (300-550 K)4¥#4 hence good candidate mate-
rials for use as spin polarizers/analyzers in spintronic
devices?®38, A major difference in magnetic properties
in going from Mo (second row, 4d element) to Re (third
row 5d element) at B’ sites is that the Re-based double
perovskites are magnetically hard while the Mo-based
double perovskites are magnetically soft??=9 &l Thig
points to the importance of spin-orbit interactions in the
heavy Re ions and identifies the Re sublattice as the dom-
inant source of magnetic anisotropy in the Re-based dou-
ble perovskites which are the focus of the current study.

Choice of A-site ion has a dramatic effect on the trans-
port and magnetic properties of AsFeReOg. The larger
Ba cation leads to a cubic crystal structure at ambient
temperature and metallic behavior, while the smaller Ca
cation leads to a lower symmetry monoclinic structure
with insulating response?26.  The latter also displays
higher Curie temperature (T, = 540 K) and coercivity
(H. = 9 kOe) indicative of stronger exchange interactions
and larger magnetic anisotropy in the distorted crys-
tal structure. The monoclinic structure of CasFeReOg
(CFRO) features rotations of FeOg and ReOg octahe-
dra around b- and ¢~ axes resulting in large deviation in
Fe-O-Re bonding angle away from 180°(to 156° 324048,
These rotations decrease the pdm hopping that dominates
transport in the unrotated structure leading to the ob-
served insulating behavior?4™49  The lowering of sym-
metry leads to a tetragonal distortion of the ReOg octa-
hedra and enhanced magnetic anisotropy relative to the
Ba compound.

Although the BasFeReOg (BFRO) compound is cu-
bic at room temperature, neutron powder diffraction
and high resolution synchrotron x-ray powder diffrac-
tion data show emergence of tetragonality at low



temperatures??1. The lowering of symmetry coincides

with the onset of magnetic ordering and the tetragonal
distortion grows together with the magnetic order param-
eter as a result of magneto-elastic coupling23247:50i52]

The pronounced effect of chemical pressure by A-site
substitution on the structural, transport and magnetic
properties, including magnetic anisotropy, makes double
perovskites AsFeReOg interesting subject materials for
high pressure studies. In this paper, we explore the use
of physical pressure as a tool to modify the structure of
these double perovskites in a controlled manner, allowing
us to establish correlations between lattice changes and
electronic properties, particularly magnetic anisotropy.
Using x-ray spectroscopic and structural probes in a di-
amond anvil cell we find a substantial increase in the
coercivity of BFRO and CFRO samples under pressure.
Both compounds exhibit a similar rate of coercivity in-
crease with change in unit cell volume, of order 150-200
Oe/ A3, X-ray diffraction shows a clear increase in the
tetragonal distortion of ReOg octahedra under pressure
for CFRO. Limitations in angular resolution and hydro-
staticity only allow us to place an upper limit to the
degree of tetragonal distortion in BFRO, a distortion
that remains unresolved in our room temperature XRD
data. A jog theoretical model is developed for the Re
5d? orbitals, pointing to a ”high-spin”, spin-orbit cou-
pled ground state stabilized by Hund’s coupling and ex-
plaining the unique spectroscopies signatures in the x-ray
absorption data. The model also shows how an increase
in the tetragonal crystal field under pressure can be re-
sponsible for the enhanced single ion anisotropy in the
presence of strong spin-orbit coupling. X-ray magnetic
circular dichroism sum rules show the presence of siz-
able orbital magnetism at Re sites, a critical ingredient
of single-ion anisotropy. The orbital magnetization does
not increase with pressure, and the enhanced coerciv-
ity is rooted in an enhanced tetragonal distortion under
pressure. A derivation of the anisotropy constant in the
5d? configuration within a jog model points to the sur-
prising result that a reduction in the effective spin-orbit
interaction may cooperate with an enhanced tetragonal
distortion in increasing the single-ion anisotropy.

The paper is organized as follows: Sectionf[l] describes
experimental methods. SectionI]] presents XANES and
XMCD results pointing to the relevance of spin-orbit in-
teractions at Re sites. A theoretical description of the Re
5d? configuration based on a spin-orbit coupled jog model
is presented which explains the spectroscopic signatures
in the x-ray absorption data. Section[V] presents XMCD
and XRD results on the magnetic and structural response
to pressure and derives correlations between changes in
coercivity, unit cell volume, and degree of tetragonal-
ity. A theoretical derivation of the origin of magnetic
anisotropy within a jeg model is also presented in this
section. Sectior[V] summarizes the results. Finally, an
appendix provides additional details on theoretical cal-
culations of expectation values of orbital, spin, and mag-
netic dipole moments derived within the j.g model used

to describe the Re 5d? configuration.

II. EXPERIMENTAL METHODS

Polycrystalline BFRO and CFRO samples were grown
by solid state reaction methods as described in Refs.
50/53. X-ray absorption near edge structure (XANES)
and x-ray magnetic circular dichroism (XMCD) measure-
ments were carried out across the Re Lo 3 edges (10.5-12
keV) at beamline 4-ID-D of the Advanced Photon Source
(APS), Argonne National Laboratory. A pair of Pd mir-
rors at 3.1 mrad incidence angle, together with detun-
ing of the second crystal in a double crystal Si (111)
monochromator, was used to reject higher energy har-
monic contamination in the x-ray beam. High pressure
XANES and XMCD data were collected on dispersed
powder samples (3-5 pm powder size) at T=10 K in
transmission geometry using thin (thick) Si photodiodes
as detectors of incident (transmitted) x-ray intensity, re-
spectively. XMCD measurements were done in fast he-
licity switching mode (13.3 Hz) using a 500 pm-thick
diamond (111) phase retarder®®®5. The related mod-
ulation in absorption coeflicient was measured with a
lock-in amplifier®#®8,  XMCD lock-in detected signals
were scaled to absolute percentages of isotropic absorp-
tion edge jumps by comparing to XMCD data obtained at
the Re Lo edge without lock-in detection. XMCD data
was corrected for degree of circular polarization which
was 95(90)% at L3(Ls) edges, respectively. XMCD mea-
surements were carried out for magnetic field direction
along and opposite the incident photon wave vector in
order to remove any artifacts of non-magnetic origin. An
external magnetic field of H = £4 T was used to saturate
the magnetization at all pressures.

Two types of diamond anvil cells and cryomagnets were
used in the measurements. The BFRO data were col-
lected using a non-magnetic mini-DAC (manufactured
by D’anvils) mounted in a helium flow variable temper-
ature insert that loads into the 1”7 bore of a cryogen
free magnet. Pressure was applied manually and cali-
brated at room temperature (RT). Pressure values re-
ported for the BFRO sample are therefore RT values.
Careful characterization of the response of the sample
pressure in the mini-DAC to cooling has shown that pres-
sure remains stable within ~ 10% of RT values. The
CFRO data were collected using a non-magnetic, CuBe
diamond anvil cell (Diacell OmniDAC-LT model, Almax
Easylabs) fitted with a He gas membrane allowing in-situ
pressure change at low temperatures. The DAC mounts
on a variable temperature insert in the 3" bore of a cry-
omagnet and is cooled by cold He gas leaked from the
magnet reservoir into the sample tube. The diamond
anvil cells used in both cases featured a partially perfo-
rated diamond anvil (150 pum remaining wall thickness)
opposite a mini-anvil (0.8 mm in height) placed on top
of a fully perforated anvil to minimize x-ray absorption
in the diamond anvils®¥. Culet diameter was 300 um.



Powders of BFRO (CFRO) were loaded into a 120 pm
diameter hole in a rhenium gasket pre-indented to 30
um, together with ruby spheres for ex-situ (in-situ) pres-
sure calibration®? and 4:1 methanol-ethanol mixture as
quasi-hydrostatic pressure-transmitting medium. Energy
dependent XANES/XMCD measurements were carried
out across Re L3 edges while field-dependent (coer-
civity) measurements were performed at a fixed x-ray
energy that maximizes the Re Lo edge XMCD signal.
For CFRO, field-dependent XMCD data was collected
in the H= 42 T range after sample was saturated at
H=+4T. The 4:1 methanol-ethanol pressure medium
solidifies at around 120 K at ambient pressure® hence
the powder sample preserves a random orientation under
application of magnetic field in the XMCD measurements
at 10 K.

The powder x-ray diffraction (XRD) experiments at
high-pressure were performed at HP-CAT beam line 16-
BM-D of the Advanced Photon source using a symmetric
DAC (Princeton). A boron carbide conical seat that is
semi-transparent to 30 keV x-ray radiation was used on
the exit side of the DAC to extend the angular range of
the XRD pattern in the CFRO measurements. The an-
gular range in the BFRO measurements was limited by
a opaque tungsten-carbide seat used on the exit side. A
partially perforated diamond anvil opposite a full anvil
with culet size of 300 pm was used in the CFRO measure-
ments; two full anvils were used in the BFRO measure-
ments. A 130 ym diameter hole in a rhenium gasket pre-
indented to 50 pum was filled with dispersed powder (3-5
um powder size) as well as Au powder and ruby spheres
for in-situ pressure calibration. A 4:1 methanol-ethanol
mixture was used as pressure-transmitting medium. The
measurements were carried out at room temperature and
pressure was increased manually. XRD patterns were
recorded with a MAR345 image plate and converted
into 1D plots. XRD data were fitted using the Le Bail
method®! available within the GSASII package®2.

III. SPIN-ORBIT INTERACTION IN Re 5d
ORBITALS

A. XANES and XMCD experimental results

The pressure-dependent normalized XANES data at
Re L 3 edges collected at T'= 10 K on both BFRO and
CFRO samples are shown in Figs. [[(a) and (b). The Re
XANES spectra (2p — 5d transition) for both samples
have the same leading-edge positions and double-peak
“white line” structure at both edges. The white line peak
splitting of 3.0 eV is a measure of the octahedral crystal-
field splitting of the d orbitals into ¢5 and e states, both of
which carry empty (hole) states in a Re 5d? configuration.

Pressure-dependent XMCD spectra for both com-
pounds are shown in Figure c,d). The large differ-
ence in XMCD intensity at L3z and Ls edges is in-
dicative of a sizable orbital angular momentum con-

tribution to the magnetic moment carried by Re 5d
states®305 The dominant, negative XMCD signal at
the Lo edge indicates that the magnetic moment at Re
sites is aligned antiparallel to the applied field (hence
also to the Fe moment) as expected from the ferrimag-
netic nature of these compounds (Fe3* ions with a high
spin 5d° configuration have a larger magnetic moment
than Re®t ions with 5d? configuration; their coupling is
antiferromagnetic 44923606 The circular dichroism has
the unusual feature that almost all the intensity is in
the Lo edge, see Fig. c) and (d). While the spectral
features can be well reproduced with density functional
theory?, we demonstrate in the next subsection that the
essential features are consistent with a jeg model which
is commonly used to describe iridates. An approxima-
tion underlying this model is that the cubic crystal field
is sufficiently large that we can focus on the t, states®”.
The low-energy physics is then dominated by the spin-
orbit interaction. We show that, in order to find the Re
5d? ground state, one also has to consider the Coulomb
exchange or Hund’s coupling within crystal field split jeg
states.

XMCD sum rules were used to obtain Re spin and or-
bital magnetic moments, their relative orientation, and
their pressure dependence. We have computed these
quantities both neglecting and including the magnetic
dipole operator (7,) that enters the spin sum rule® 62,
In the latter case, T./S. = 0.37 was derived from atomic
multiplet calculations described in section [[ITB} Since
XMCD measurements and related sum rules analysis
were carried out at low temperature (10 K), tempera-
ture effects on the expectation value of S, and T, are
neglected®”. The magnetic moments were calculated us-
ing ny, = 8 based on the 5d? configuration (a derivation
of the magnetic dipole term within the jog model is given
in the Appendix). The results, summarized in Table
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FIG. 1: Nomalized Re L2 3-edge XANES and XMCD spectra
for BFRO (a,c) and CFRO (b,d) double perovskites measured
up to 30 GPa at T=10 K.



TABLE I: Electronic properties of the Re 5d orbitals in BFRO and CFRO samples extracted from XMCD and XANES data

at T=10 K for different pressures. The Re orbital moment (my

= —(L.)), spin moment (m, = —2(S-)), and total magnetic

moment (mqot) were obtained for 5d hole occupancy np = 8. Inclusion of the magnetic dipole term 7% in the spin sum rule
leads to a reduction in the absolute value of derived spin and total magnetic moments (values in square brackets). When T,
is neglected, magnetic moment values are in reasonable agreement with results obtained in ambient pressure XMCD studies,
once normalized to the different hole occupancies used in the respective analyses. Note that m;/ms is independent of n; but

it is affected by the T, contribution.

Pressure(GPa) ms(h) my (R) my/ms Mot () BR
1.5(5) -0.94(2) [-0.41(1)] . 27(2) -0.29(2) [-0.66(2)] -0.67(2) [-0.14(2)] 2
7.9(5) -0.88(2) [-0.38(1)] 0.26(1) -0.29(2) [-0.68(2)] -0.62(2) [-0.12(2)] 2
10.9(5)  -0.91(2) [-0.39(1)] 0.26(1) -0.28(2) [-0.65(2)] -0.66(2) [-0.14(2)] 2
BFRO 16.3(5)  -1.10(2) [-0.47(1)] 0.32(2) -0.29(2) [-0.67(2)] -0.78(2) [-0.16(2)] 2
np =8 22.3(10)  -0.89(2) [-0.39(2)] 0.24(2) -0.27(2) [-0.62(2)] -0.65(2) [-0.15(2)] 2
28.5(10)  -0.95(2) [-0.41(1)] 0.26(2) -0.27(2) [-0.63(2)] -0.69(2) [-0.15(2)] 2
Ref(n;, = 8.2) 1 bar -0.99 0.28 -0.283 -0.71
Ref®(n), = 5.3 1 bar -0.56 0.15 -0.27 -0.41
Ref®%(n, = 5.5 1 bar -0.64 0.19 -0.294 -0.45
5.9(1) -0.76(1) [-0.33(1)] 0.18(2) -0.24(1) [-0.55(2)] -0.58(1) [-0.15(1)] 2.2
CFRO 17.7(10)  -0.66(1) [-0.28(1)] 0.16(2) -0.24(1) [-0.57(2)] -0.50(2) [-0.12(1)] 2.1
np =8 22.9(20)  -0.56(1) [-0.24(1)] 0.13(2) -0.24(1) [-0.55(2)] -0.43(2) [-0.11(1)] 2.1
Ref(n;, = 7.8) 1 bar -1.15 0.39 -0.34 -0.76
Ref®¥(n;, = 5.3) 1 bar -0.47(1) 0.16(4) -0.34(3) -0.31(1)

show sizable Re orbital magnetic moments in both sam-
ples. Spin and orbital moments are aligned antiparallel
to each other as expected from Hund’s rules for a less
than half-filled 5d band (orbital moment aligned paral-
lel to Fe spin moment and to external magnetic field).
When T, is neglected, the derived values of the spin mo-
ments given in Table ] are in reasonable good agreement
with previous reports (work at ambient pressure) which
did not include the magnetic dipole term in the spin
sum rule3UHORUGSITOITL hroyvided the moment values are
corrected for the number of holes used in the respective
analyses (moment values scale linearly with ny,; this also
applies to the orbital moment values). The m;/m; ratios
are independent of nj, but depend on T,. When T, is ne-
glected, m;/mg ratios agree reasonably well with previous
reports that neglected T,. The analysis shows somewhat
larger m; /my ratio for BFRO than CFRO, perhaps a re-
sult of increased covalency/bandwidth in the chemically
compressed CFRO structure. A smaller m;/mg ratio in
CFRO is consistent with a reduced isotropic branching
ratio (BR=I(Ls3)/I(Ls), where I(Ly 3) are white line in-
tensities in the isotropic XANES data). This is because
the BR relates to the expectation value of the angu-
lar part of the S-O interaction, as discussed in detail in
section [[TTB] Both structures retain a nearly unchanged
my/ms ratio under pressure. The CFRO sample shows
a reduction in m; with pressure outside error bars (27 +
16% at highest pressure) but a similar reduction in mg
leads to a pressure-independent m;/mg ratio.

B. A jes theoretical description of spin-orbit
coupled Re 5d orbitals

The splitting of the 5d states under the various interac-
tions can be directly understood from group-theoretical
considerations. The local electronic structure of 5d
transition-metal compounds is characterized by a com-
petition between the spin-orbit interaction and the lo-
cal crystal fields®#67  The strongest interaction is the
cubic crystal field (10Dg =~ 3 eV) that splits the 5d
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FIG. 2:  Schematic figure of the branching of the 5d or-
bital when lowering the symmetry from spherical to octahe-
dral (Op) in the absence of spin-orbit coupling. The next
to level schemes show the effect of coupling the orbital and
spin degrees of freedom in octahedral symmetry, O (SOC),
followed by the effect of the tetragonal splitting Dap (SOC).



orbitals (with angular momentum ! = 2) into twofold-
degenerate e and threefold-degenerate to states, using
Mulliken notation™. The splitting is indicated by Oy,
in Fig. Pentavalent rhenium has a t3 configuration.
However, due to the strong spin-orbit interaction, (L - S
with ¢ =2 0.3-0.4 eV, it is necessary to couple the orbital
and spin degrees of freedom. The twofold-degenerate spin
space with spin projections :I:% is denoted by the irre-
ducible representation e’. The high-lying e states do not
split under the spin-orbit interaction and give the four-
fold degenerate state v’ = e ® €’ after coupling the irre-
ducible representations of the orbital (e) and spin parts
(e'), see the states denoted by Oy, (SOC) in Fig. 2| The
spin-orbit interaction, however, will split the ¢y states.
One can view the orbital part of the three-fold degener-
ate ty irreducible representation as an effective angular
momentum l.g = 1. Note that the projected angular mo-
mentum of l.g is opposite to the real angular momentum,
i.e. meg = —m. The spin-orbit interaction couples this
to the spin forming total angular momenta jeg = %, %
In octahedral symmetry/ ™ the coupling between the or-
bital ¢ and the spin €’ is indicated as to @ €/ = " @/,
where e and u, are two- and fourfold degenerate represen-
tations, respectively, see O, (SOC) in Fig. Pressure
tuning affects the tetragonal distortion, which is impor-
tant for understanding the magnetic anisotropy that will
be discussed in the next section. The distortion further
lowers the symmetry to Dy, and the fourfold degener-
ate u’ further splits into two two-fold degenerate e’ and
e’ irreducible representations. In summary, the splitting
in going from spherical to octahedral to tetragonal sym-
metry (SO3 — Op, — Dyp,) is 2 ® % = (te@e)®e =
(Ve ou — (efpe de”)d (¢ de”), see Fig. |2 For
rhenium, we are primarily concerned with the first group
arising from the octahedral ¢y states. In order to distin-
guish the two €” irreducible representations, a subscript
+ will be added to indicate the effective total angular
momentum jeiff =1+ % = %,% that they belong to. The
to states therefore branch from octahedral to tetragonal
symmetry as to @ ¢/ = v @ e’ — ¢ @ el @e”. Note
that depending on the size of the atomic parameters and
band width effects, there are a number of possible ground
states.

The conventional components of the ¢y states in octa-
hedral symmetry are the real (or tesseral) harmonics zy,
yz, and zx. The effect of the spin-orbit interaction is to
create finite angular momentum states out of the yz and
zx orbitals, which are a linear combination of the spher-
ical harmonics Yz,ﬂ(e, ©). The spherical harmonics can
be written in terms of the tesseral harmonics as

|+1,0) = ¥%(|zx,a) +ilyz, o)), (1)

where 0 = :I:% is the spin. The wavefunctions |m, o) are
expressed in terms of the projected angular momentum
m. In this convention, the zy orbital corresponds to the
m = 0 component of the log = 1 states. In the limit of a
large cubic field 10Dq, we can focus on the states arising

from 2o, i.e. €, el and €. Let us start with

|e/i7:|:%> :sin9\xy,j:%>:|:icosﬁ|xl,qi%). (2)
These states are the well-known jeg = % states that are
responsible for the low-energy behavior in the iridates®Z.
The irreducible representation e’ is indicated with a mi-
nus sign, since the effective orbital and spin are coupled
antiparallel. The choice of the spin components of e
corresponds to that of the j.g notation.

The value of the coefficients depends on the relative

strengths of the interactions:5”
1 2v/2¢
0 = — arctan

2 C— 24y’ 3
where ( is the strength of the spin-orbit interaction (L-S
and e, gives the change in energy of the zy orbital,
E,y = —4Dq + €4y, due to the tetragonal distortion. In
the limit ., = 0, cosf = 1/2/3 and sinf = 1//3 and
the states are independent of the value of the parameters.
In the opposite limit { < e,, < 10Dq, 6 — 0.

Whereas the €’ or jog = % states are important for iri-
dates, these states are predominantly empty in the Rhe-
nium compounds, where the electrons are in the jog = %
(¢ and €] in tetragonal symmetry). The e/ eigenfunc-
tions contain the same basis functions as e’

1 1 1
\e’_{_,:l:? :0059|xy,:l:§>:Fisin9|:|:1,:|:§>. (4)
Additionally, there are two eigenstates that are indepen-
dent of the parameter values

1 1
€ 45) = | F1,45). 5)

For AsFeReOg, the apical rhenium-oxygen distance is
less than that in the basal plane*’. Within a crystal-
field picture, that lowers the energy of the xy orbitals
with respect to yz/zx (€4, < 0). Since e’| has xy char-
acter, this state is expected to be lower in energy than e’
as depicted in Fig.

For Re®t, the two electrons are expected to be in the
Jeft = % states or, equivalently in tetragonal symmetry,
the € and /| states. There are a number of different
possibilities. The clearest way to distinguish the different
possible ground states is the circular dichroic spectra.
The integrated intensities at a particular spin-orbit split
edge can be written in terms of coupled tensors agf4/69473

PGE) = G D@ £ g () 4+ 202)
o+
e AR YIRS (¢ A ()

where j* =141 = 2 1 refers to the total angular mo-

mentum of the 2p core hole. The coupled tensor w?¥*
consists of orbital and spin operators (of rank x and y,



respectively) coupled to a total operator of rank z. For
x-ray circular dichroism, the total rank is z = 1 and the
coupled tensors correspond to the angular momentum

L, = —2wl% the spin S, = —%wgn, and the magnetic
dipole moment T, = —%wﬁ“, using electron operators.

Using the expressions for the eigenfunctions above, the
expectation values of the coupled tensors can be evalu-
ated, see the Appendix, and the intensities of each orbital
at the two absorption edges can be obtained. For the dif-
ferent states arising from the ¢, orbitals, we find

3 3 1
1 —_ = — 1 — ) = — si
IEl,i%(Q) Ie’_/,:l:%(Q) :t(cos29+\@sm29)

1 3 1 1
1 — = — — — g
Ly +1(3) 43{4F04(4cos29+v§sn129>} (7)
where o = £1, and

1 + it 1
Io11(d ) = i(? + 1)' (8)
Let us consider the limit of a small tetragonal distor-
tion (€4, — 0). The important orbitals for Re® are ¢’
and e/ arising from the jeg = % states. The integrated

dichroic absorption intensities for these states are

3 3
1 Oy 1 Oy _
DG =7, IL,G) =+
at the L3 edge, and
1 1 1 3
1 iy 1 1 R —
Ie',i%(g)_:FQ’ 151715(2)—:F2 (10)

at the Ly edge. First, we note that the configurations e’?
and e’f show no dichroism and can be ruled out. For the
e 1 e/l 1 configuration, this gives integrated intensities
I'(3) =0and I'(3) = —2, whereas for the ¢/ 1 €/ | con-
figuration, one obtains I*(2) = —2 and I'(3) = 1. Note
that the dichroism changes sign for a spin reversal. Since
experiment tells us that the dichroic signal is small at the
L3 edge that leaves us with the e’ 1 €/ 1 configuration.
As shown in the Appendix, the expectation values for the
spin are 3 and % (in units ) for € 1 and €] 1 states,
respectively. Therefore, the real spins in these two states
are also predominantly parallel in the ¢’ 1 €/ 1 config-
uration indicating a tendency towards the formation of
a local moment by the Coulomb interactions. This is
essentially a Hund’s rule type ground state. The total
expection value of the spin is therefore (S,) = % When
increasing the tetragonal distortion, the value increases
up to the maximum (S.) = 1. The corresponding angu-
lar momentum values are (L,) = —4/3 — —1 from zero
to large tetragonal distortion.

These conclusions are also confirmed by an atomic mul-
tiplet calculation™, see Fig. [3| The calculation was done
for a Re®t ion. Good agreement is obtained using a spin-
orbit interaction strength of {( = 0.35 eV and a cubic
crystal field of 10Dg = 3.8 eV. The Coulomb exchange
parameters are strongly screened and scaled down to 20%
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FIG. 3: Comparison of the experimental BFRO spectra

(gray) at 1.5 GPa with an atomic multiplet calculation of the
isotropic (blue) and circular dichroic (red) x-ray absorption
spectra at the L3 and Lo absorption edges. The dashed line
shows the result in the absence of the spin-orbit interaction.

of their Hartree-Fock value. The tetragonal distortion is
small and does not really affect the spectral line shape
and intensities. These parameters clearly reproduce the
isotropic spectrum giving the splitting of the two peaks
in the white line and the correct branching ratio. Addi-
tionally, the dichroic intensity comes primarily from the
Ly edge. This supports the notion that the two elec-
trons are in the jog = % states and that the Coulomb
interaction is crucial for maximizing the spins leading
to a finite magnetic moment. For comparison, Figure [3]
shows the spectra in the absence of a spin-orbit inter-
action (dashed lines). In that case, the branching ra-
tio of the isotropic spectra drops to its statistical value
(I°(2)/1°(3) = 2) and the dichroic intensities are equal
in magnitude but opposite at the two absorption edges.
Again, this is a clear indication that the spin-orbit inter-
action plays a dominant role in early 5d transition-metal
compounds. For the numerical calculation, one can also
obtain the ground-state expectation values. For the best
fit on BFRO, (L,) = —1.35 and (S,) = 0.82. This is in
good agreement with what is expected from a e’ 1 €| 1
ground state in a jog model. The calculated orbital-to-
spin ratio m;/ms = (L,)/2(S,) = 0.82 somewhat overes-
timates the experimental values in Table[I]

The integrated spectral weight at the spin-orbit split
edges can be understood by analyzing the ground-state
expectation value of various operatorsc®. Let us first look
at the expectation value of the spin-orbit coupling (L - S)
which is of relevance for the interpretation of the isotropic
branching ratio, which is given by

1°(
19(

njw

2
>: tr with r=—

) 1-r {nn)

where n;, = 8 is the number of holes I°(j%) refers to
the integrated intensity of the isotropic spectrum at the

(11)
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spin-orbit-split edge with a total angular momentum
j* = 2,4 (Ls and Ly edges, respectively). We have
introduced a sign change in r with respect to earlier
work™ 70 since we will be considering the spin-orbit cou-
pling for the electrons and not the hole states. Within a
jeg framework, the spin-orbit coupling can be obtained

(L-8) = [ +1) 1+ 1)~ s(s+ 1] =~ 3,1,

with s = % The minus sign is needed since the real
orbital moment, of relevance for the sum rule, is op-
posite to the effective orbital moment. Since there are
two electrons with jeg = %, the expectation value is
(L-S) =2x (—3) = —1 giving r = . The expected
branching ratio is then 2.43. Another aspect that in-
creases the branching ratio is the coupling to the e states
that are 10Dgq higher in energy. This contribution is esti-
mated to be of the order™® —3¢/(10Dq) for each of the
electrons in the jor = 2 states. With ¢/(10Dgq) = 0.1,
this increases (L - S) to -1.6 and the branching ratio to
2.75. This value is close to the experimentally observed
branching ratio, see Table [[| for BFRO, although it over-
estimates that of CFRO.

With the analytical expressions for the eigenstates, we
can estimate the effects of a tetragonal distortion. Since
the ¢’ states, see Eq. , are unaffected by the tetragonal
distortion, (L -S) = —1 regardless of £,,. For the e’
states, we obtain

1 1 1.
(L-S)ey = 1T (4 cos 260 + \/ism29> (12)
1

where (L - S)er = —3 — 0 from zero to large tetrag-

onal distortion. Therefore, for the ¢’ 1 €| 1 configu-
ration (L -S) = —1 — —3 for |5y = 0 — oo (with
lezy| < 10Dgq). Therefore, the tetragonal crystal field is
unable to entirely quench the spin-orbit coupling. The
maximum decrease in branching ratio due solely to the
enhanced tetragonal field is 2.47. There are several addi-
tional effects that can further reduce the branching ratio
as a function of pressure. A stronger change is expected
from increased delocalization that causes a mixing of the
different jog levels leading to a reduction of the effective
spin-orbit coupling™. Additionally, the smaller effective
spin-orbit coupling strength combined with a larger cubic
field can decrease the mixing of the e with the t5 orbitals,
thereby lowering its contribution to (L - S).

IV. PRESSURE DEPENDENCE OF MAGNETIC
COERCIVITY

A. XMCD hysteresis loops

Element-selective Re hysteresis loops collected at T' =
10 K at various pressures are shown in Figure [d Both

samples become magnetically harder with increased pres-
sure, the coercivity of BFRO increasing nearly eight-fold
between 1.5 and 29 GPa and that of CFRO increasing
about three-fold at 23 GPa. We note that the CFRO
sample is pre-compressed due to chemical pressure so its
volume change is less than in BFRO for a given change in
pressure, especially at low pressures (CFRO has higher
bulk modulus than BFRO, see Fig. [6[b)). As discussed
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FIG. 4: Element selective (Re) XMCD hysteresis loops at
selected pressures measured with x-ray energy tuned to the
vicinity of the Re Lo-edge for different pressures for (a)
BFRO, and (b) CFRO samples. Loops were normalized
to saturation values. Pressure-dependent coercivity, Hc, is
shown for both samples in panel (c).



below, the different compressibility of CFRO and BFRO
is accounted for in Fig. [7] where coercivity is plotted
as a function of unit cell volume yielding similar val-
ues of AH./AV for CFRO and BFRO. The sizable co-
ercivity of these compounds even at ambient pressure
originates in the spin-orbit interaction in 5d orbitals of
heavy Re ions??3078 - Ag discussed earlier, that the dom-
inant contribution to magnetic anisotropy arises from the
Re sublattice is evident by comparing to the 4d-analog
SroFeMoOg, which displays coercive fields of only a few
Oe™., Mossbauer effect measurements also indicate neg-
ligible orbital moment contribution in the Fe sublattice
of the CFRO compound3",

The sizable coercivity likely arises from single ion
anisotropy at the Re sites, i.e., the combined effect of
crystal field, which dictates orbital symmetry, and spin-
orbit interaction, which leads to orbital magnetization
and couples the spin direction to the lattice structure.
Chemical pressure also drives a significant increase in
coercivity, which correlates with an enhanced m;/m;
ratio®Y. Physical pressure, however, has a negligible effect
in m;/mg ratio (see Table [ll), while drastically changing
the coercivity. This suggests that the increase in mag-
netic anisotropy at high pressure is not due to a concomi-
tant increase in the magnitude of the powder-averaged
orbital moment (L,). Rather, it indicates that changes
in crystal field through lattice distortions may be at the
core of the observed increases in coercivity.

B. Structural response

Figure 5] shows XRD patterns under variable pressure
collected at room temperature. The cubic Fm3m space
group was used in Le Bail fits of lattice parameters for the
BFRO sample while the monoclinic P2;/n space group
was used for the CFRO sample32:43:464080 T imitations
in the extent of powder averaging (texturing) due to small
probed volume by focused x-ray beam, peak broadening
above 10 GPa as a result of pressure gradients in the
quasi-hydrostatic pressure medium, together with limited
angular range in the case of BFRO prevented us from car-
rying out reliable Rietveld refinements. The Le Bail fits
allow retrieving lattice parameters but do not inform on
fractional atomic coordinates®. The latter were fixed to
their ambient pressure values as given in Refs. [46/47//57L
As shown in Figure[6] no discontinuities in lattice param-
eters or signatures of a structural phase transition were
found in either sample in the entire pressure range up
to 29 GPa. The measured pressure-volume relationship
was fitted to a second-order Birch-Murnaghan equation
of state®®2 yielding structure bulk modulus, included
in Fig. |§| (b). The chemically pre-compressed CFRO
sample has a smaller compressibility (larger bulk mod-
ulus) than the BFRO sample in the measured pressure
range. Fitted bulk moduli are comparable with those
of other double perovskites. For example, cubic double
perovskite BasMgWOQg has By = 137 GPa® similar to

By = 152 GPa for cubic BFRO. Tetragonal double per-
ovskites like SroZnTeOg have typical By values around
200 GPa®¥ similar to By=189 GPa for CFRO.

As discussed in the next section, non-cubic distortions
of the ReOg are likely to play a role in the pressure-
dependent coercivity, thus we now examine in more de-
tail the structure of each sample. While CFRO retains its
monoclinic P27 /n symmetry to the highest pressure mea-
sured, the unit cell contraction however is not uniform:
Aa/a ~ —0.06, Ab/b ~ —0.02 and Ac/c ~ —0.03, which
points to a potential distortion of the ReOg octahedra.
As previously stated atomic coordinates could not be ex-
tracted from the XRD data; nevertheless, we assume here
that the atomic coordinates are pressure independent in
order to extract the Re-O distances displayed in Figure
[6] (c) and (d). A transition from a compressed (roughly
along ¢ axis) to an elongated (within the ab plane) ReOg
octahedra is observed between 10 and 20 GPa (at room
temperature). Such transition is very similar to that seen
in CFRO as a function of temperature on cooling®Z.

The lack of a structural transition induced by applied
pressure in BFRO is rather surprising, since chemical
pressure induced by replacing Ba with Ca in BFRO sta-
bilizes a monoclinic phase™. A small tetragonal dis-
tortion was reported in BFRO below the magnetic or-
dering temperature 7,=305 K in ambient-pressure high-
resolution XRD measurements, reaching a maximum
c/a = 0.9984 at T=14 K°. Our room temperature
data do not show clear evidence for a tetragonal dis-
tortion in BFRO to the highest pressure measured. At
low pressures below 10 GPa, where pressure gradients
in the 4:1 Methanol:Ethanol pressure medium are small,
undetected tetragonality is likely a result of insufficient
angular resolution in the current measurements. At high-
pressure, a clear broadening of XRD peaks occurs due to
non-hydrostaticity of the pressure medium. The (400)
full width half maximum (FWHM) reaches ~ 0.2° at 31
GPa. If we estimate our angular resolution to be half of
this FWHM, then our data puts lower and upper bounds
on unresolved tetragonality of 0.992 < ¢/a < 1.008.

The relationship between the low-temperature coerciv-
ity and the room temperature lattice volume is plotted in
Figure [} The monoclinic structure of CFRO is approx-
imated into a pseudo-cubic lattice in order to directly
compare it with the cubic BFRO structure. We have
also included in this figure coercivity changes with chem-
ical pressure (P= 1 bar, 5 K) reported in Ref.[78 Volume
compression increases the coercivity in a roughly linear
fashion both for chemical and physical pressure. How-
ever, volume itself is not a predictor of coercivity. For
example, the pre-compressed CFRO structure at ambient
pressure (V ~ 460A3) is less coercive (H, ~ 3 kOe = 0.3
T) than the BFRO structure at 25 GPa with a similar vol-
ume (H. ~ 1.4 T). This is still the case even if one com-
pares to the higher coercivity values of CFRO reported
at ambient pressure in Refs*“® (H. ~ 9 kOe), also in-
cluded in Fig. Nevertheless, a similar AH./AV ~
160-200 Oe/A? is obtained for both samples. The similar-
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FIG. 5: X-ray powder diffraction data as a function of pressure for (a) BFRO and (b) CFRO collected at room temperature.

ity of AH./AV points to an intrinsic origin of magnetic
anisotropy upon volume compression. This is important
since coercivity can have extrinsic contributions, such as
a result of pinning of magnetic domain walls by defects.

The magnetic coercivity can also be modified by tun-
ning the single ion anisotropy acting on the d orbitals.
Such anisotropy is commonly a consequence of tetragonal
crystal fields that split the d manifold creating easy/hard
magnetic axis. In fact, the large increase in the coerciv-
ity of CFRO on cooling has been partially attributed to a
change in the tetragonal distortion of ReOg octahedra®”
which changes from c-axis compressed to [110]/[1-10]-
axis elongated®¥ [see insets of Fig. [6] (c)]. Based solely
on the lattice constants, the same change in tetragonal-
ity appears to occur under pressure at room tempera-
ture (Figs. [6] (c) and (d)). Therefore, while we do not
have direct information on the pressure dependence of the
structure at low temperature, our data implies that high-
pressure favors the creation of ab-plane elongated octahe-
dra much like cooling does. We note that there have been
reports of phase separation/coexistence in CFRO at low
temperature, although the literature remains ambiguous.
Granado et. al’3? report coexistence of monoclinic phases
below 160 K, and that magnetic fields below 7 T can
have an effect on their relative phase fraction (from 40-
60% in zero field to 60-40% at 5 T). Westerburg et. al4°
also reported coexistence of monoclinic phases, but be-
low 400 K. This phase separation, which persists at low
T, leads to highly unusual hysteresis loops at 10 K com-
posed of magnetically hard and soft components each
attributed to one of the coexisting monoclinic phases.
Oikawa et. al*7, on the other hand, report a single mono-
clinic phase at low T and square-shaped hysteresis loops.
Our hysteresis loops at low T are square-shaped as well

with similar remanence (M,.) to saturation (M;) ratio to
those in Ref4”. While we cannot rule out coexisting mon-
oclinic phases with similar volumes and similar magnetic
properties at low temperature, coexistence of magneti-
cally soft/hard monoclinic phases as reported in Ref4®
would have resulted in odd-shape hysteresis loops. Sim-
ilarly, one may be tempted to argue that if coexistence
of magnetically soft/hard phases takes place in CFRO at
low T, that pressure may stabilize the magnetically hard
phase explaining the increase in coercivity. However, this
would lead to changes in the shape of the hysteresis loop
under pressure, particularly in the M,./M; ratio, which
is not observed. Note that a magnetic field of 4 T used
in our low T experiments would only have a small ef-
fect on the relative fraction of coexisting phases®2. Also,
pulsed-field XMCD experiments?® show that fields up to
10 T have a negligible effect on phase separation at low
T, as seen by a constant m;/mg ratio. Finally, the simi-
lar AH./AV for CFRO and BFRO shown in Fig. [7]is an
additional indication that the mechanism behind the co-
ercivity increase with pressure in CFRO is unrelated to
pressure-tuning of volume fraction of coexisting phases
at low T, as phase separation has not been reported for
BFRO.

Figure[8|displays how degree of tetragonality correlates
with the enhanced coercivity in CFRO as a function of
both temperature and pressure. It is important to note
that temperature-driven fluctuations can strongly affect
magnetic domain dynamics, magnetization reversal, and
coercivity, an effect that cannot be easily deconvolved.
Despite this issue, Figure [§| does support the notion that
tetragonal distortion of ReOg octahedra is a leading cause
for the observed change in coercivity.

That no tetragonal distortion is evident in the diffrac-



tion pattern of the BFRO sample to the highest pres-
sures measured is puzzling since its coercivity is largely
enhanced (Fig. [7). Assuming a tetragonal distortion
is the only contributor to coercivity, interpolating the
coercivity of BFRO into the coercivity vs. tetragonal-
ity relation of CFRO (Fig. would lead to a tetrag-
onal distortion of ReOg octahedra in BFRO d[Re —
Oupicat]/d[Re — Ocquatorial] ~ 1.02 at 26 GPa. This dis-
tortion would drive an increase in c/a ratio of ~ 1.01,
which is marginally larger than our estimated sensitivity
(0.992 S ¢/a < 1.008). Therefore, unresolved tetrago-
nality in BFRO can still be the primary driver behind
its increased coercivity, in line with results for CFRO.
We note, however, that unlike CFRO, BFRO displays
a c-axis compression of the ReOg octahedra at low tem-
perature (d[Re — Oupicai]/d[Re — Ocquatorial] ~ 0.9984)32,
Therefore it is unclear what kind of tetragonal distortion
occurs in BFRO at both low temperature and high pres-
sures. High-resolution low-temperature x-ray diffraction
measurements are needed to address this issue.

C. DMagnetic anisotropy within jer model

In order to obtain an estimate of the effect of a tetrago-
nal distortion on the magnetic anisotropy, we employ the
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FIG. 6: (a) Pressure-dependent lattice parameters for BFRO
and CFRO, (b) unit cell volume together with fits to a second-
order B-M equation used to obtain bulk moduli from the mea-
sured P-V relationships, (c) pressure dependence of Re-O dis-
tances in ReOg octahedra with insets illustrating evolution of
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same model as in Section [[ITB] describing a rhenium ion
in the presence of a spin-orbit interaction and cubic and
tetragonal crystal fields. To obtain the correct ground
state, an exchange field Aexcn acting on the spins was in-
troduced resulting in an interaction S - Agyen. This field
mimics the Hund’s Coulomb exchange interaction and en-
sures that the lowest configuration is e’ 1 €/{ 1. The use
of an exchange field allows us to set up an effective one-
particle Hamiltonian H. The 10x 10 matrix for the ten 5d
orbitals is solved numerically. The ground-state energy is
then given by Ey = (¢/ 1 [Hl|e' 1) + (e] 1 |H|e/{ 1). The



direction of the local moment with respect to the crystal
axes can be changed by a magnetic field. In the absence
of a tetragonal distortion, the ground-state energy of the
e’ 1 e[ 1 configuration is independent of the direction of
the spin, 7.e. the energy does not depend on the direction
of the moment. This is comparable to two electrons in es-
sentially spherically-symmetric jog = % states. This is no
longer the case when a tetragonal field is applied causing
a splitting e,, between the xy and yz/zx orbitals. We
take €4, smaller than the strength of the spin-orbit inter-
action (, see Fig. The change in energy as a function
of the direction of the moment is solely due to the e”
states since the €’ states are not affected by the tetrag-
onal distortion. The tetragonal distortion mixes the e[
and e” states, thereby coupling the two j.g states. The
energy of the /| state can only change when the charac-
ter of the wavefunction is affected by the direction of the
moment. This is only possible by coupling it to the e’
state. The calculated dependence of the energy on the
angle of the magnetic moment 6,, with respect to the z
axis is given by the dots in Fig. [9]

In the limit that 10Dgq is much larger than all the other
parameters, the 0, dependence can be well modeled by

Ey = Ko + K, sin?0,,, (13)

as expected for a system with uniaxial anisotropy and
as verified by the results from explicit numerical calcu-
lation shown in Fig.[0] Ky is a simple shift and not im-
portant for the anisotropy. By varying their values, the
dependence of K7 on the parameters can be determined.
Numerically, the dependence on the parameters can be
determined to be

Acxchgmy

C )
in the limit €;;, < Aexeh € ¢ < 10Dg, which is the
expected hierarchy of energy scales for the Rhenium ion.
When the parameter values are closer together, the ex-
pression for K, becomes less accurate, but still describes
rather well the trends when changing the parameter val-
ues. Note that the energy difference between the moment
in- (6, = 90°) and out of the plane (6, = 0°) increases
when £, < 0.

This theoretical analysis naturally explains the correla-
tion between coercivity and ReOg tetragonality. Notice-
ably, equations 13 and 14 imply that a reduction of ef-
fective spin-orbit coupling could cooperate with a tetrag-
onal distortion in driving the increased coercivity. This
occurs because spin-orbit coupling effectively mixes the
|zy), |lyz) and |zx) wavefunctions, reducing the single-ion
anisotropy. This effect, if present, could be more signifi-
cant in BFRO than CFRO since our XANES results show
a reduction in BR with pressure in this sample (see Table
. Since a reduction in ( affects the separation between
Jet manifolds, this hypothesis could be verified with Re
L-edge resonant inelastic x-ray scattering experiments at
high-pressure. Finally, local Jahn-Teller (J-T) distortions
of ReOg octahedra, which could become active for a Re
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FIG. 9: The dots give the calculated expectation value
of the normalized ground-state energy, ¢ = (Eo(0m) —

En(0°))/(Eo(90°) — Eo(0°)), as a function of the angle 6,
of the magnetic moment with respect to the z axis calculated
using the jog model. The solid line gives a sin® 6, fit to the
calculated values

d? configuration, may contribute to anisotropy and re-
main undetected in our XRD measurements if they fail
to order at room temperature. A description of the J-
T effect in the presence of strong spin-orbit coupling in
Jeft = % orbitals is outside the scope of this paper. That
the tetragonal energy depends on the spin direction is
indicative of magneto-elastic coupling, an effect reported
for BFRO in Ref. [85l

V. SUMMARY

XMCD experiments under quasi-hydrostatic pressure
conditions show remarkable enhancement of magnetic
hardness with volume compression in both BFRO and
CFRO powder samples. The rate of coercivity increase
with volume reduction is similar for both samples. The
unquenched orbital moment in Re 5d orbitals determined
from XMCD sum rules does not increase with pressure.
The enhanced single ion anisotropy under pressure ap-
pears to arise from an increased tetragonal distortion of
ReOg octahedra. This distortion is quantified in the mon-
oclinic CFRO sample and scales linearly with the coer-
civity. Limited resolution in the XRD data of the BFRO
sample only allowed placing an upper limit on the size of
the distortion. A jeg theoretical description of the Re 5d?
orbitals is developed to interpret the spectroscopic data
pointing to a Hund’s rule like "high spin” ground state
with two electrons in crystal-field split jog = % states.
A derivation of the magnetic anisotropy of Re 5d? states
within this model yields the counterintuitive result that a
reduction in the strength of the effective spin-orbit inter-
action at high pressures may cooperate with a tetragonal



distortion in enhancing the Re 5d anisotropy.
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Appendix A: Dichroic intensities

For the sum rules of the dichroic spectra, we need to
consider expectation values of different operators. The
coupled tensors can be written as™ w?¥?, where a tensor
of rank x operating on the orbital is coupled to a tensor
of rank y operating on the spin to form a total tensor
of rank z. The angular momentum is given by L, =
2w;01, whose orbital part is a vector (a tensor of rank
1, .e. x = 1). Since the tensor with y = 0 operating
on the spin is the identity matrix, the total operator is
also a vector (z = 1) and equal to the tensor working
on the orbital. In the same fashion, we can define the
spin operator, which is a tensor that only works on the
orbital, S, = %wgll. The simplest tensor that combines
both orbital and spin parts is L-S = w,'® which gives the
inner product (z = 0) of the orbital (z = 1) and spin (y =
1) momentum or the spin-orbit coupling. However, this
coupled tensor is a scalar and of importance for the sum
rules for isotropic spectra, see Eq. (11). For magnetic
effects, an additional tensor of rank z = 1, i.e. a vector,
is needed. The relevant operator is wgn, also known as
the magnetic dipole moment. This couples a quadrupolar
(z = 2) operator working on the orbital part with the
spin (y = 1) to form a total coupled tensor of rank z =
1. With the expressions for the eigenstates in the main
text, we can evaluate the ground-state expectation values
of the operators relevant for the sum rules for magnetic
dichroism462,

12

Using the wavefunctions for the jeg states in Eqgs. (2)),
and , the expectation value for the angular momen-
tum L, can be straightforwardly calculated since only the
| £1,0), states where o is the spin, contribute to the an-
gular momentum. For the jog = % state, the expectation
value is (L) 11 = Fcos’d = F2 — F1, giving the
values for the tetragonal field |e;,| = 0 — oo (always
under the assumption that |e;,| < 10Dg). These val-
ues show the limits for |eg,| < ¢ and |egy| > ¢, where
¢ is the strength of the spin-orbit interaction. There-
fore, the angular momentum of the jog = % state is en-
hanced by the tetragonal field. However, although this
can be of importance for iridates, for the rhenium oxides,
these states are empty and therefore do not contribute
to the angular momentum. The corresponding j.g = %
state of the same symmetry has an angular momentum
<Lz>ei,i% = Fsin?f = :F% — 0 for |egy| = 0 — o0.
Here, the angular momentum is quenched by the tetrag-
onal field. The other jeog = % state gives (Lz)e,’i% = Fl1,
i.e. opposite to the spin component and is independent
of the tetragonal field.

The spin momentum is given by S, = %wgn. For
the jog = % state, the expectation value of the spin

<Sz>eﬁ,i% = :F%COSQQ = :F% — :F% is opposite to the
spin component of e”. For e[, the opposite is found
(S:)er s+ = E3c0820 = £5 — +5. For the other
Jeft = % states, the expectation value is equal to the spin
component, (S:)¢ 11 = +3.

The third tensor of rank one of importance to the x-
ray dichroism sum rules is the magnetic dipole moment
w21, Although often argued to be small, this assump-
tion is incorrect for materials where the spin-orbit in-
teraction plays an important role. The diagonal matrix
element of this operator is given by (2 — 3mZ;), tak-
ing meg = 0 for the xy orbital. This directly gives
the expectation values (w3''), 41 = F1. The evalua-
tion of the other eigenstates is somewhat more involved
due to off-diagonal matrix elements. The other jog = 2

states have a magnetic dipole moment <w§11>e1¢% Z
+[3 + 1 cos 20+ 3sin20/(2v2)] = +11 — £1. The value
+1 is the magnetic dipole moment of the |zy,+1) or-
bital. The jeg = % state has a magnetic dipole moment
(wf”)eli% = +[3 — 1 cos26 — 3sin260/(2v2)] = F1 —
+1.

Inserting the values of the coupled tensors in Eq. (@
allows the calculation of the dichroic absorption inten-

sity at a particular spin-orbit split edge for each of the
orbitals. These results are given in Eq.
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