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X-ray absorption spectroscopy studies of the magnetic-insulating ground state of SroIrO4 at
ambient pressure show a clear deviation from a strong spin-orbit (S-O) limit Jeg = % state, a result
of local exchange interactions and a non-zero tetragonal crystal field mixing S-O split Jeg = %,%
states. X-ray magnetic circular dichroism measurements in a diamond anvil cell show a magnetic
transition at a pressure of ~ 17 GPa where the “weak” ferromagnetic moment is quenched despite
transport measurements showing insulating behavior to at least 40 GPa. The magnetic transition
has implications for the origin of the insulating gap and the nature of exchange interactions in this

S-O coupled system. The expectation value of the angular part of the S-O interaction,
extrapolates to zero at ~ 80-90 GPa where an increased bandwidth strongly mixes J.g =

<L ' S>7
%, % states

and S-O interactions no longer dominate the electronic ground state of SroIrQOy.

Iridate oxides continue to provide an attractive play-
ground for testing fundamental interactions in correlated
electron systems [1-16]. This is because a strong S-O
interaction (~ 0.2-1 eV) acting on Iridium’s 5d electrons
competes with on-site Coulomb repulsion, intersite hop-
ping and a crystal electric field (CEF) interaction arising
from surrounding oxygen atoms in a nearly octahedral
environment [1]. A strong S-O limit is usually assumed in
SrolrO4 where the splitting of the CEF-derived t2, mani-
fold under the S-O interaction yields a half-filled, Jog = %
narrow band inducive to gap opening by Coulomb and/or
exchange (magnetic) interactions [4]. The role of mag-
netic interactions in gap formation has remained a mat-
ter of debate with SroIrO,4 alternatively labeled a Mott-
Hubbard insulator (Coulomb and exchange interactions
drive gap formation) [4], Mott insulator (Coulomb in-
teractions alone drive gap formation) [5] and more re-
cently a Slater insulator (magnetic ordering drives gap
formation) [8]. In addition, the origin of “weak” fer-
romagnetism (WFM) in SraIrO4 has recently been ad-
dressed theoretically in terms of non-trivial exchange in-
teractions accounting for the strong coupling of orbital
magnetization to the lattice [6]. A magnetic phase di-
agram involving canted and collinear antiferromagnetic
phases is predicted to exhibit strong sensitivity to the
relative strength of S-O and non-cubic (tetragonal) CEF
interactions acting on Ir 5d electrons [6].

In this Letter we show that a non-zero, x-ray magnetic
circular dichroism signal at the Ir Ly absorption edge, to-
gether with an experimental orbital-to-spin moment ratio
(L.)/(2S,) = 1.05 + 0.14, can be explained by account-
ing for exchange (~ 200 meV) and tetragonal crystal field
(~ 75 meV) interactions modifying the electronic ground

state away from the strong S-O limit J.g = % state. Ap-
plication of hydrostatic pressure induces a sharp mag-
netic phase transition at ~ 17 GPa where the WFM of
SroIrO4 suddenly vanishes with the material retaining in-
sulating behavior to much higher pressures. A transition
from canted to collinear antiferromagnetic (AFM) order-
ing driven by an increased tetragonal CEF under pressure
is consistent with the magnetic and structural data, al-
though a paramagnetic-insulating (PM-I) high-pressure
phase cannot be ruled out. Additionally, the expectation
value of (L - S) decreases with pressure above ~ 20 GPa
and extrapolates to zero at about 80-90 GPa, a result of
an increased bandwidth mixing Jeg = %,% states. The
likely appearance of a single, metallic band at a pressure
of ~ 1 Mbar provides an exciting backdrop for searches of
superconductivity [2]. Indeed unconventional supercon-
ductivity is found in 3d and 4d analog layered structures
of Lag_,(Ba,Sr),Cu0y4 [17] and SroRuOy4 [18-20], where
S-O interactions are weaker than in SraIrO4 [21].

In its ground state SroIrO4 is an insulating, “weak”
ferromagnet with an ordering temperature Tn=240 K
[5,22,23]. Tt displays anisotropic magnetization with a
net moment of 0.06 (0.03) up/Ir in a 0.5 T field applied
in (out of) the IrO4 planes, respectively [22]. We carried
out x-ray absorption near edge structure (XANES) and
magnetic circular dichroism (XMCD) measurements at
ambient pressure to probe (L,), (S.), and (L - S) in the
ground state via sum rules analysis [24,25]. Measure-
ments were done on powder samples in a transmission
geometry at beamline 4-ID-D of the Advanced Photon
Source, Argonne National Laboratory. The helicity of
a circularly polarized x-ray beam, generated with a 500
pm-thick diamond phase retarder [26], was modulated at
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13.55 Hz and the related modulation in the absorption
coefficient measured with a phase lock-in amplifier [27].
Measurements were repeated for opposite directions of a
0.8 T applied field (along and opposite the photon wave
vector) to check for experimental artifacts.
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FIG. 1. (color online). (Top left) Ir Ly 3-edge XANES and
XMCD data collected at T=6 K, H=0.8 T and ambient pres-
sure. (Top right) CI calculations of XANES and XMCD inten-
sities. All models (1-5) include S-O (sq¢ = 0.22 €V and CEF
10Dg = 1.8 €V interactions. Model 1 (solid) forces a pure
Jest = 3 state; Model 2 (dotted) adds an exchange field act-
ing on the spin alone Hexen = £S5, with 8 = 230 meV; Model
3 (short dashed) adds a tetragonal CEF A = 75 meV; Model
4 (long dashed) includes both A = 75 meV and Hexeh = 85>
with 8 = 230 meV; Model 5 (dotted-dashed) reproduces the
data and includes A = 75 meV and Hexen = oL, + 8S. with
a = —22 meV and 8 = 230 meV. (Bottom) Field- and tem-
perature-dependent Ls-edge (E=11.2106 keV) XMCD peak
intensity at ambient pressure.

Figure 1 (top left) shows normalized XANES (p. =
ul + pf)/2) and XMCD (p, = pb — p®) data at
Ir Lps absorption edges. The Ls-edge XMCD sig-
nal is ~ 20 times larger than the Ly signal (these are
equal and opposite in the absence of orbital magnetiza-
tion). Sum rules analysis using n,=>5 for the number of
5d holes yields m;= -0.023(3) pp/Ir and m,=-0.022(3)
g /Ir [28] for the net orbital and spin moments, respec-
tively, or a net magnetic moment m = —(m; + ms)=
0.045(4)pp/Ir. This is in close agreement with a ran-
dom orientational average of magnetization data on sin-
gle crystals (0.05u5/Ir) [22]. Note that XMCD measures
the net (ordered) FM moment which differs from the local
moment (canted AFM). In the strong S-O coupling limit,
however, m;/ms = (L.)/2(S.) is a property of the local
moment. The experimental value of m;/m, = 1.054+0.14

is roughly two times smaller than predicted for a purely
ionic Jog = 3 model [4]. In fact, the non-zero XMCD sig-
nal at the Ir Ly edge indicates deviations from a Jog = %
ground state as corroborated by configuration interac-
tion (CI) calculations detailed below. Note that the op-
tical theorem and dispersion relations relate the XMCD
signal to the imaginary and real parts of the x-ray res-
onant magnetic scattering (XRMS) amplitude, respec-
tively, pm o fII(Q = 0) < f/ (Q = 0) (Q is scatter-
ing vector). The expected ratio of resonant magnetic
scattering intensities at Ir Ly 3 edges in a diffraction ex-
periment is therefore Ir, /I, o |fm(L2)?/|fm(L3)|*
|tm (L2)/ pm (L3)|? ~ 0.25%. This is in good agreement
with the < 1% intensity ratio reported in the XRMS ex-
periment of Ref. 5. Since the intermediate states probed
in the second-order, XRMS process are the final states
in the first-order XMCD process [29] it follows that the
L3/ Ly XRMS intensity ratio measured in Ref. 5 can be
explained in terms of the values of the local moment ((L)
and (S)) without the need to invoke the phase sensitiv-
ity of the resonant scattering process [5, 7].

The S-O coupled ground state is also reflected in the
measurement of the branching ratio, BR=1Ir,/I1,,, where
I, , is the integrated intensity of the resonantly en-
hanced absorption cross section near threshold (“white
line”) in the isotropic (XANES) spectrum of a particu-
lar S-O split edge. BR is directly related to the ground
state value of (L - S) of the empty 5d states through
BR=(2+7r)/(1—r), withr = (L.-S)/{(nyp) [25]. We mea-
sured BR=4.1(2), which differs significantly from the sta-
tistical BR=2 in the absence of orbital magnetization in
the 5d states. With n; = 5, we obtain (L-S) = 2.1(1)h2.
Since (L - S) is a property of the local moment (inde-
pendent of magnetic ordering), it is mostly determined
by the Ir valence (5d occupation), the CEF, and the S-O
coupling interaction acting on 5d electrons [30]. Hence,
its value is expected to be similar for all Ir**Og units
with (nearly) O octahedral symmetry [9]. Note that
since XANES probes all empty 5d states, the measured
(L - S) includes contributions from the single hole in the
Jog = % state ((L - S) = 1) [7] and 4 holes in the eg-
derived states [9] ((L - S) = 4 x 3(54/10Dq = 1.47, with
S-O (54 = 0.22 €V and octahedral CEF 10Dg¢=1.8 eV
obtained from CI calculations). Summing over the oc-
cupied Jeg = %,% states gives the same magnitude of
(L - S), albeit with opposite sign.

Results from CI calculations [31] (see supplemental
material [32] for details) are shown in Fig. 1 (top right).
All models (1-5) include (best fit) (54 = 0.22 eV and
10Dq=1.8 eV interactions. While the Ls-edge calcula-
tions reproduce the data rather well in all models, the
small Lo-edge XMCD signal yields strong sensitivity to
the details of the model. Model 1 forces a pure Jog = %
state. An infinitesimal exchange field was added to lift
the degeneracy of m, , = (1/2,—1/2) components giv-
ing rise to XMCD (magnetic ordering). The model re-
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turns L., S, (L./2S.), and BR values of %uB, éuB,
2, and 4.3, respectively, and equal hole occupations for
|zy), lyz), |zz) components of the ground state wavefunc-
tion, as expected [4]. Model 1, however, fails to reproduce
the data since it gives zero Lo edge XMCD intensity. Suc-
cesfull modeling of the data (model 5) requires inclusion
of exchange interactions acting both on spin and orbital
moments (Hexeh = aL, + 8S, with a = —22 meV and
B = 230 meV) and a tetragonal crystal field A = 75
meV (octahedron elongated along the c-axis [23]). Note
that both exchange and tetragonal CEF interactions mix
Jei = 3,5 states and determine the (unequal) final hole
occupations (0.22, 0.42, 0.42) for the (|zy),|yz),|zz))
components of the ground state wavefunction, respec-
tively [33]. Model 5 returns L,,S,, (L,/2S,), and BR
values of 0.63 up, 0.31 up, 1.01, and 4.26, respectively,
in good agreement with experiment. While fitted val-
ues of A = 75 meV and (5¢ = 220 meV satisfy the
A < (54/2 relation theoretically predicted for an in-plane
WEFM structure, as observed in experiments at ambient
pressure [5,6], the mixing of J.g states necessary to re-
produce the XMCD data indicates that SroIrO,4 cannot
be fully described within the strong S-O limit.
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FIG. 2. (color online). (Top) Pressure-dependence of Ir
L3-edge XMCD signal. Inset displays the data in log scale to
highlight the sharpness of the magnetic transition. (Bottom)
Raw XMCD data (left), and field-dependent XMCD signal
(right) normalized to its value at 0.5 T, under applied pres-
sure.

We now turn to the magnetic and transport measure-
ments at high pressure. A membrane-driven, Copper-
Beryllium (CuBe) diamond anvil cell (DAC) was used for
XMCD measurements at the Ir Lz-edge (T=11 K) [34].
Pressure was calibrated in-situ at low temperatures using

the Ruby fluorescence method [35]. The XMCD experi-
ment was done on a powder sample using a transmission
geometry. Resistance (four probe) measurements were
carried out in a CuBe DAC on a single crystal, using
slim Au wires as electrodes and soft hexagonal BN fine
powder as pressure medium as described in Ref. 36. Fur-
ther details on experimental conditions can be found in
the supplemental material [32].
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FIG. 3. (color online). Resistance versus temperature at
various pressures from four-probe measurements in the DAC
(main panel). Estimates of the insulating gap (inset) are ob-

tained using InRo % in the 50-100 K range.

Figure 2 shows pressure-dependent XMCD data ob-
tained in three independent experimental runs. A clear
magnetic transition is observed at P~ 17 GPa, the
“weak” ferromagnetic component vanishing at 20 GPa.
The transition is reversible, the XMCD signal recovered
after pressure release from 24 GPa to 8 GPa concomi-
tant with an 11 K— 300 K — 11 K temperature cycle.
A vanishing XMCD signal at 20 GPa, together with a col-
lapse of hysteresis and remanent magnetization in field-
dependent XMCD data (Fig. 2) would be consistent with
a transition into either a paramagnetic (PM) state or a
collinear AFM state (as discussed below, a constant BR
to at least 20 GPa indicates that the local, S-O coupled
moment remains unchanged through the magnetic tran-
sition). We first address the possibility of a high-pressure
PM state. Figure 3 shows that SrolrO,4 remains an in-
sulator to at least 40 GPa; i.e., far above the pressure
range where the collapse of WFM ordering is observed.
If PM, the disparate difference in pressure (energy) scale
associated with the magnetic and I-M transition would
clearly indicate that the electronic gap is not driven by
the onset of magnetic ordering, as recently claimed [8]
but rather by Coulomb interactions within a Jeg = %
narrow band; i.e., SrolrO4 would classify as a Mott or
Mott-Hubbard insulator and not a Slater insulator [8].
Note that the ambient pressure value of the energy gap
derived from the resistance measurements is in excellent
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agreement with previous resistivity measurements [4] and
in reasonable agreement with the 100 meV gap reported
from optical conductivity measurements at 100 K [4].

Since the WFM ordering (canted AFM) at ambient
pressure is driven by ~ 11° rotations of IrOg octahe-
dra around the c-axis through the Dzyaloshinskii-Moriya
(DM) interaction [6,23], disappearance of these rotations
under pressure, while unlikely, may lead to a collinear
AFM phase. Even more interesting is the theoretical
prediction of a spin-flop transition from in-plane WFM
to c-axis collinear AFM at a critical value A > (54/2 [6].
We probed for structural changes at high pressure us-
ing x-ray diffraction. Experiments were conducted at
HP-CAT beamline 16-BM-D of the Advanced Photon
Source using a membrane-driven symmetric DAC, He gas
as pressure medium and Ruby spheres for in-situ pres-
sure calibration. Measurements were carried out at T=
11 K up to 25 GPa. Further details are given in the
supplemental material [32]. Lattice parameters were re-
fined within the I4;/acd tetragonal space group [23]. No
discontinuities in lattice parameters or signatures of a
structural phase transition are observed in this pressure
range, indicating that the rather sharp magnetic transi-
tion is not driven by a concomitant structural transition.
However, the a-axis contracts at a faster rate than the c-
axis (24490 —(.146(5)% /GPa; £ —0.125(5)%/GPa).
A gradual disappearance of IrOg¢ rotations under pressure
would have likely resulted in a faster c-axis compression,
contrary to observation. On the other hand, the faster
in-plane compression may be indicative of an increased
(positive) tetragonal distortion with pressure. Our CI
calculations together with results in Ref. 6 indicate that
SrolrOy is not far from the critical A = (54/2 value
needed to induce a spin-flop transition into a collinear
Néel state along the c-axis. An increasing tetragonal
crystal field with pressure may provide a natural expla-
nation for the disappearance of WFM ordering without
a concomitant I-M transition- localized moments would
tend to order magnetically at low temperature due to
strong local exchange interactions Hex > kpT [37]- al-
though a high-pressure, PM-insulating phase cannot be
ruled out.

Since pressure increases bandwidth (hopping) relative
to Coulomb and S-O interactions it is expected that high
enough pressures will lead to strong mixing of S-O split
Jof = %,% bands and render SroIrO4 a “normal” metal
where S-O physics no longer dominates. Support for this
comes from measurements of the BR at T=300 K carried
out at beamline 20-BM of the Advanced Photon Source
using 180 pm diamond culets and Neon gas as pressure
medium. Figure 4 shows the white line intensity at the
L3 edge decreasing with pressure while the opposite is
observed at the Lo edge indicating a reduction in BR
(i.e. a reduction in (L-S)). The effect is reversible upon
pressure release. While the BR is nearly constant to 25

GPa (note this is above the collapse of WFM ordering),
it decreases rapidly above this pressure, extrapolating to
the statistical BR=2 ((L - S)=0) at P~ 90 GPa. Note
that a change in (cubic) CEF with pressure, estimated to
increase by ~ 50% (1.8 to 2.7 eV) at 70 GPa based on a
linear extrapolation of the high-pressure XRD data [38],
can only account for a small fraction of the observed re-
duction in BR. An increased tetragonal distortion would
reduce the BR further (BR=3.45 for A=200 meV) [38],
but again not enough to account for the experimental
observation.
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FIG. 4. (color online). Ir Lj 3 XANES data at T=300 K
as a function of pressure to 70 GPa (top), together with the
derived branching ratio (bottom).

We conclude that the fast reduction in BR must orig-
inate in bandwidth-driven mixing of J.g = %,% states
and related quenching of orbital angular momentum in
5d states. Since the separation between J.g states,
Csa ~ 0.22 €V, is much larger than the insulating gap
(~ 30 meV at 30 GPa, Fig. 3) a bandwidth-driven I-M
transition would take place before Jog states are fully

mixed by band effects (~ 100 GPa= 1 Mbar). It ap-
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pears that the high-pressure regime above 1 Mbar could
offer interesting opportunities for searches of supercon-
ductivity [2] as the electronic properties of SroIrO4 move
closer to those found in 3d cuprates and 4d Ruthenates
displaying weaker S-O interactions.
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