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Interpretation of Ir L-edge isotropic x-ray absorption spectra across the pressure-induced

dimerization transition in hyperhoneycomb g-Li,IrO;
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The extended nature of atomic 5d orbitals, together with a relatively short ~3 A Ir-Ir distance across edge-
shared octahedra in honeycomb iridate lattices, leads to a tendency to disrupt the local, spin-orbit-entangled
Joft = % moments of Ir** ions in favor of dimerization and the formation of molecular orbitals, especially upon
lattice compression. The sensitivity of Ir L-edge spectroscopy to both spin-orbit entanglement in j.g states and
the quenching of orbital degrees of freedom in dimerized states results in a peculiar evolution of x-ray absorption
spectra across dimerization transitions, including energy shifts in the opposite direction for L; and L, leading
absorption edges and substantial changes in their isotropic branching ratio. We present a theoretical description
of the evolution of 5d electronic states, and related x-ray absorption spectra, in going from the single ion to the
dimerized limit. The calculations reproduce the experimental results for hyper-honeycomb S-Li,IrO;5 [L. Veiga
etal., Phys. Rev. B 100, 064104 (2019); 96, 140402(R) (2017)] and shed light into the weakening of the coupling
between spin and orbital degrees of freedom as the strength of dimerization increases. The results provide a basis
for the interpretation of L-edge x-ray absorption spectra in 5d systems where competition between the formation

of local je states and molecular orbitals is at play.
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I. INTRODUCTION

Among various routes being pursued to realize Kitaev’s
elusive quantum spin liquid state in honeycomb lattices [1],
the application of hydrostatic pressure has been widely ex-
plored as it allows for continuous tuning of interatomic
distances and bond angles regulating the strength and nature
of exchange interactions [2-9]. The unique bond-directional
exchange anisotropy in Kitaev’s model, K/} S}, where K
is the Kitaev exchange constant and y = (X, Y, Z) are the
three types of NN bonds in the honeycomb lattice, and
related frustration inherent to Kitaev’s spin liquid state, re-
quires ideal honeycomb structures which are rarely realized in
as-grown crystals. Iridate two-dimensional (2D) honeycomb
and three-dimensional (3D) hyper/stripy-honeycomb lattices
composed of edge-shared IrOg octahedra with Ir** ions are
an ideal starting point for the exploration of spin liquid states
since the je = % state of half-filled (54°) Ir orbitals sta-
bilized by a strong spin-orbit interaction, together with 90°
Ir-O-Ir bonding, embody the basic requirements for the emer-
gence of the bond-directional exchange interaction of Kitaev’s
model [10]. Deviations from the perfect honeycomb lattice

introduce competing isotropic Heisenberg J;;S] - 87 and sym-

metric anisotropic off-diagonal FV(S;?‘Sf + Slﬁ S (a # B #
y ) exchange interactions, which, in addition to possible direct
exchange terms, prevent the emergence of Kitaev’s spin liquid
state, leading instead to magnetically ordered ground states.
Both zig-zag and incommensurate counterrotating magnetic
order was observed in 2D-« and 3D-(f8, y) harmonic hon-
eycomb [11] structures of Na,IrO; and LiIrO; [12-15] at
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ambient pressure, with KJI" microscopic spin Hamiltonians
providing a theoretical framework [16-18].

Here we focus on polymorphs of Li;IrO; whose electronic
and magnetic ground states undergo dramatic changes under
compression. In particular, the 8(y ) hyper(stripy)-honeycomb
phases loose magnetic order at a first-order transition around
1.5 GPa, which is clearly seen in x-ray magnetic circular
dichroism [3,19], x-ray magnetic scattering [8], muon spin
resonance [20], and magnetometry [7] measurements. While
local pseudospin jegr = % moments required to map the ex-
change interactions in honeycomb structures with edge-shared
octahedra into the bond-directional exchange of Kitaev’s
model [10] are present at ambient pressure [19], both x-ray
absorption spectroscopy [2,3] and resonant inelastic x-ray
scattering [6] measurements show that the pressure-induced
loss of magnetic order is accompanied by a reconstruction
of 5d electronic states as evidenced in a strong suppression
of Ir L3 isotropic branching ratio [2,3] and disappear-
ance of jeg = % — % excitation [6]. Low-temperature x-ray
diffraction measurements revealed that a pressure-induced
dimerization transition takes place in the same pressure range
as the electronic reconstruction, whereby Ir ions in one of the
(X,Y,Z) bonds of the honeycomb lattice form dimers with
strongly reduced interatomic distances in the 2.6-2.7 A range,
comparable to the interatomic distance in Ir metal [2].

The nature of the electronic states in the dimerized phase
of B-Li;IrOs3, and in particular how the electronic states
evolve from a j i description to a description in terms of
molecular orbitals, has not been fully addressed. Density func-
tional theory provides some insight into the possible nature of
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dimerized states [6], but a clear connection to experimental
signatures has not been presented. A very peculiar signature
is indeed observed in the isotropic x-ray absorption spectra of
Ir L, 3 edges across the dimerization transition: the leading
absorption edge at L3 and L, resonances shift in opposite
directions as the electronic reconstruction takes place [2]. A
more typical behavior would be for both edges to shift in the
same direction, for example, as a result of pressure-induced
charge transfer and the related change in the oxidation state.
Clearly the disparate response of the transitions at spin-orbit
split Zp%,% core levels is related to the relevance of spin-
orbit interactions in the 5d states probed by electric dipole
transitions since their j = %, % character (or absence thereof)
dictates which of the empty 5d valence states are accessible
from these two core levels. In what follows we present a theo-
retical derivation of the isotropic x-ray absorption spectra at Ir
L, 3 edges based on configuration interaction calculations [21]
with variable strength of dimerization between Ir ions. The
results provide a quantitative description of how the evolution
from the jeg ionic limit to dimerized orbitals causes a shift
of leading L, 3 absorption edges in opposite directions and
reduces the expectation value of the spin-orbit interaction in
5d states, in close agreement with the experiment [2,3].

II. THEORY

Due to the large lifetime broadening of the Ir 2p core
level, the absorption spectra can often be rather well described
within the atomic limit, as long as the character of the local
moment is well captured [22,23]. However, since the dimer-
ization affects the effective moment, the x-ray absorption
spectroscopy (XAS) spectra for Li;IrO3 are described using
a dimer. For each atom in the dimer, a local octahedral field
splits the 54 orbitals into ,, and e, irreducible representations.
The size of the octahedral field [24] is taken as 10Dg =
3.2 eV. The spin-orbit interaction { L - S is sizable and taken as
¢ = 0.3 eV [22]. This splits the 1, orbitals into effective spin-
orbit levels with jeg = %, % [10,25]. To include the effects
of dimerization, we take a two-site model. Since the cou-
pling between different iridium atoms is across edge-shared
octahedra, one of the real f,, couples most strongly with the
neighboring orbital of the same type [26]. The hopping matrix
element is —V with V > 0 and is varied to observe the trends.
Since we are only interested in the isotropic spectrum, the
results are the same regardless of whether the coupling is
between the xy, yz, or zx orbital.

Figure 1 shows the results for the x-ray absorption at the
Ir L edge. To simulate the increased dimerization due to pres-
sure, the hopping matrix element V' is varied from 0 to 1.6 eV.
Before going into more detail, we note that the experimental
trends [2,3] are reproduced. The leading edge of the L3 edge
moves to higher energy with increasing pressure. At the same,
time the L, edge moves in the opposite direction. Additionally,
the branching ratio, i.e., the ratio I,/I;, of the integrated
absorption intensities at the L3 and L, edges, decreases. These
changes are primarily caused by changes into the lowest unoc-
cupied states. The excitations into the e, orbitals are relatively
unaffected by the dimerization. The changes occur primarily
at the leading edge of the absorption edges, which are mainly
due to excitations into empty f,,-derived states, shown sepa-
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FIG. 1. The x-ray absorption at the iridium L edges as a function
of pressure. The pressure is simulated by increasing the coupling be-
tween the two iridium ions in the calculation increasing the strength
of the dimerization. The hopping matrix element V varies from 0O to
1.6 eV in eight steps. Both the total absorption spectra and the partial
absorption into the low-energy states (labeled as t,, for simplicity)
are shown.

rately in Fig. 1. There are two effects that change the spectral
line shape. First, the antibonding #,, states move to higher
energy. This explains the shift to the higher energy of the L
edge. The shift also occurs at the L, edge. However, it does
not lead to an apparent shift to higher energy of the L;. This is
because the intensity of the #,, spectral weight increases when
the dimerization increases. Due to the decreased jeg = % char-
acter, the antibonding #,, states become accessible at the L,
edge (2p1 core level excitation). This effectively shifts the
weight of the entire edge to the lower energy.

Let us look at the trends more closely. The standard ap-
proach [10] is to consider the 1, orbitals as an effective p
orbital

Her) = 1—1) = %(sz) — ilyz)),
b
V2

1

[—Lefr) 1) ﬁ(lm +ilyz)), (H
where |meg) with meg = 1,0, —1 are the effective atomic p
orbitals, |m) with m =2,1,0, —1, —2 are the atomic d or-
bitals, and |u) with p = xy, yz, zx are the 15, orbitals. The
phases are chosen such that the spin-orbit interaction for the
effective p orbital is equivalent to that of a p orbital for an
atom. Note that mei = —m only for mei = 1. This is be-
cause the mei = 0 component is not the m = 0 (the 322 — 1?2
orbital), but the xy orbital, which is a combination of the
m = 42 atomic orbitals.

In the absence of dimerization, the spin-orbit interaction
splits the 15, orbitals into jeir = %, % states. The low-energy
physics is determined by the j.g = % states which are half
filled and can be expressed as
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FIG. 2. (a) The energies of the different levels in the iridium
dimer as a function of the hopping matrix element V. The je states
correspond to the V = 0 case. Upon increasing the hopping matrix
element V, these states split. For larger V, two clear dimer states
are formed corresponding to the bonding (B) and antibonding (AB)
states. (b) The ground-state expectation value (L - S) of the spin-orbit
coupling. (c) The branching ratio I, /1I7,.

where the spin componentis added to the wave functions.
The |%, :l:%) states are orthogonal to |%, :t%). The other
components are |%, :I:%) = | £ leg, :I:%). The spin-orbit cou-
pling can be obtained (l1-s) = —(lg-8) = —%[jeff(jeff +
1) — Lt (lee + 1) — (s + D] = — 3 Ljetr Getr + 1) — 41 with
s = %, where (1-s) indicates the spin-orbit coupling for a
single state (not to be confused with (L -S), which is the
ground-state expectation value of the spin-orbit coupling of
the many-electron state). This gives (I - s) = —%, 1 for jegr =
%, % respectively. Note that for the x-ray absorption sum
rules, the spin-orbit coupling for the d orbitals is relevant,
which is opposite to that of the effective p orbitals.

Since the spin-orbit coupling is (I-s) = —3, 1 for jeg =
%, % respectively, the local energies in the absence of dimer-
ization are —4Dqg — %(, —4Dgq + ¢, and 6Dq for je = %, %
and the e, orbitals, respectively, see Fig. 2(a). The results at
ambient pressure are comparable to V = 0 [6]. An Ir** ion

has five electrons in the 5d orbital, which means the jer =
is fully occupied and the jei = % state is half filled.

The dimerization couples a pair of real #,, orbitals on
neighboring sites. The IrOg octahedra are edge sharing, im-
plying that the same type of orbitals couple to each other. Let
us take the dimerization along the (110) direction, so that two
xy orbitals are coupled. In the absence of spin-orbit coupling,

3
2

this interaction is given by

0 -V
Hdimer = (—V 0 )v (3)

where the basis is |xy;o) where 0 = :I:% is the spin and the
subscript in xy; with i = 1, 2 labels the different sites in the
dimer. We take V > 0, meaning the lobes of the orbitals
along the dimerization direction have the same sign. Dimer-
ization of the xy orbital, which corresponds to the m.; = 0
component, is convenient with the choice of our axis system
for the orbitals in Eq. (1). Note that dimerization along any
other direction corresponds to a reorientation of the coordinate
system and the end results are the same. When only looking at
the dimerization, the solutions are given by bonding (B) and
antibonding (AB) states of the xy orbitals

|B/AB, o) = %(Iww) * [xy20)) “

= 5 (010) & 20D )
A comparison with Egs. (1) and (2) shows that the dimeriza-
tion competes with the formation of local jegr moments. The
dimerization would like to make states of pure xy or O char-
acter; the spin-orbit interaction prefers to mix these orbitals
with 1g states of opposite spin. Therefore the dimerization
mixes the jegr = % and jer = % states.

As we can see in Fig. 2(a), the dimerization causes the
bonding and antibonding states to split off from the other #,,
states. Although it appears that the bonding and antibonding
states arise from the jeg = % and 1, respectively, the mix-
ing between the j.g states progressively increases for larger
values of V. High-pressure band-structure calculations give
the splitting 2V between the bonding and antibonding states
of the order of 2.4 eV [6]. This corresponds to V = 1.2 eV.
Since the antibonding dimer is unoccupied, it is visible in
the absorption spectrum. The decrease in energy between the
antibonding dimer and the e, levels (which form the main line
in the spectrum) as V or pressure increases is clearly observed
at the L3 edge.

Figures 2(b) and 2(c) give the trends for the expectation
value (L -S) of the spin-orbit coupling and the branching
ratio. The branching ratio BR of the isotropic x-ray absorp-
tion spectrum is intimately related to (L -S) [22,27] with
BR =2+ r)/(1 —r)wherer = (L - S)/n;, and n;, = 5 is the
number of holes. We see that both quantities decrease as the
dimerization increases. This is a clear indication of the weak-
ened coupling between the orbital and the spin for stronger
dimerization strengths.

The value of (L - S) decreases from 2 to 1. An expectation
value of 2 is significantly larger than expected for a single
hole in the jeg = % Additionally, we want to understand the
decrease in the expectation value for increasing V. Let us first
consider the limit 10Dg >> ¢, which allows us to focus on
the change in the spin-orbit coupling. When increasing the
value of V, the levels split [Fig. 3(a)]. The limiting values of
the spin-orbit coupling of the different states for V — oo are
(1-s) = %, 0— % which are all two-fold degenerate. This can
be understood by viewing the 1, orbitals as the effective p
orbitals from Eq. (1). The dimerization takes the real xy orbital
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FIG. 3. (a) The expectation value (1 - s) of the different states as
a function of the hopping matrix element V in the limit 10Dgq > ¢.
The jeg refers to V = 0, whereas the label meg, o with megr = +1 and
o= :I:% refer to the V > ¢ limit. (b) The same for 10Dg = 3.2 eV.

and makes it part of the dimer. The xy is the equivalent to the
megr = 0 component of the effective p orbital. Since the dimer
states are now removed in energy from the m.s = £1 compo-
nents, the off-diagonal terms L_S, and L,.S_ in the spin-orbit
interaction are suppressed. This prevents the formation of
the jegr states, see Eq. (2). Therefore, the only part of the
spin-orbit interaction that remains is the diagonal component
L.S.. This reduces the expectation value to (1 - ) = —me0 =
—%, 0, % for megro = £1, :I:%;O, :I:%;:I:], q:%. This explains
the limiting values in Fig. 3(a). Note that the decrease is rela-
tively slow and the asymptotic values are not yet reached for
the maximum V values in the plot. In the very large V' limit,
the dimers are composed of the orbitals with (1-s) = 0. The
other states still have a spin-orbit coupling of :l:%. However,
since both states are occupied, this does not lead to a finite
ground-state expectation value of the spin-orbit coupling.
The situation becomes somewhat more complex when the
e, orbitals are included, see Fig. 3(b). For V = 0, the j = %
has (1-s) = 1, which is the same as in the limit 10Dg > ¢.
However, the fourfold-degenerate j.; = % and the e, states
have the same irreducible representation and are therefore
coupled via the spin-orbit interaction. This causes a shift in
the values of (l-s), see Fig. 3(b). For V = 0, the shift for
e, states is of the order of 3¢/10Dg = 0.28, which is close
to the numerical value [22,23]. The total expectation value
is therefore the sum of the spin-orbit coupling of the four
empty e, and the jer = % orbital. The numerical value is

(L - S) = 2.02 giving r = 0.41. The resulting branching ratio
is 4.04, see Figs. 2(b) and 2(c).

Upon increasing V and the resulting dimerization, the
trends of the expectation values are comparable to the limit
10Dg > ¢, although the actual values are shifted somewhat.
The values of (1-s) for the e, orbitals are relatively un-
changed, so they do not affect the total spin-orbit coupling too
much. The decrease in (L - S) is primarily due to the partial
quenching of the orbital moment of the #,,-derived orbitals
when the dimer is formed. ForV = 1.3eV, (L - S) = 1.19 and
the branching ratio has dropped to 2.9, see Figs. 2(b) and 2(c).
This change in branching ratio explains the trend in the x-ray
absorption spectra, see Fig. 1, and agrees with the experi-
ment [2,3]. The L, increases in intensity due to the decrease
in the spin-orbit coupling as jeg states are destroyed by the
increasing dimerization. Note that the 1, intensity is zero in
the V = 0 limit. There is a slight shift of the L, towards lower
energy due to the increased excitations into the antibonding
dimer. For the L; edge, we already noted that the feature at
11.22 keV becomes less pronounced due to the decreased
energy splitting with the e, states [see Fig. 2(a)]. Additionally,
the reduced spin-orbit coupling causes a reduction in intensity
of the excitations into the #,, states at the L3 edge.

Here we used an independent-particle picture to study the
dimerization. The presence of an on-site Coulomb repulsion
U between electrons reduces the effects of dimerization. This
can be seen by the following argument. Occupying the bond-
ing states of Eq. (5) gives a state

cosf

V2

sin 6
+ —z(lxyl Py )+ lxyz  xya 1),

7

with tan 20 = 4V /U. The energy of this state is E_ = %(U -
VU? 4+ 16V?). In the limit V > U, § — Z and each of the

configurations in the state above becomes équally likely giv-
ing an energy for the two-electron eigenstate of —2V + U /2.
In the limit U > V, the energy is —4V2/U. This is more like
an effective exchange mechanism between spins on neighbor-
ing sites. Here, U and V are comparable in magnitude. For
ground-state properties, U effectively reduces the effects of
dimerization.

The Coulomb repulsion also plays a role in the excitation
spectra. For XAS, the effects are relatively small since an
electron is put into the antibonding states. Since the bonding
states are full, the electron always feels U leading to an ef-
fective shift in the XAS spectra. This situation changes for
resonant inelastic x-ray scattering (RIXS) [19]. The lowest
particle-conserving excitation states for the dimer are to the
nonbonding states at £ = 0, U giving excitation energies of
—E_and U — E_, respectively. The development of the RIXS
spectra is in agreement with the calculation in this paper. At

ambient pressure, only local transitions between the jeg = %

and % states are observed. At high pressure, this feature col-
lapses and increased intensity at 1.4-1.9 eV and 2.6-3.3 eV is
observed. From ab initio calculations [19], we know that there
is a sizable bonding-antibonding splitting of 2.4 eV giving
V=12eV.ForV=11-13¢eV and U = 1.5 eV [16,28],

IB1:B )= (feyr 1+ xy2 L) + xyr 4 xy2 1)
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excitations to the nonbonding states at 0 and U are expected
at energies 1.6-2.0 eV and 3.1-3.5 eV, respectively.

III. CONCLUSION

In this paper, the effects of dimerization on the local jegt
states are studied. The general trend is that dimerization re-
duces the spin-orbit coupling in the lowest unoccupied states.
This is because the dimerization involves one of the real #,
orbitals whose orbital moment is quenched. When the dimer-
ization strength V is very strong, the antibonding state of
the dimer, see Eq. (5), is unoccupied. In the large V limit,
only the f, orbital that partakes in the dimerization, say the
xy orbital, is half filled and the orbital moment is quenched.
The other 1, orbitals, yz and zx, are affected by the spin-orbit
interaction and form atomic-like orbitals with m = +1. How-
ever, since both are occupied this does not contribute to the
ground-state expectation value of the spin-orbit coupling. For
a more realistic value of V, a small spin-orbit coupling from
the 154 can still occur due to the coupling of the antibonding
xy state and the m = %1 orbitals. The size of this contribution
depends strongly on the energy splitting between them. Addi-
tional contributions to (L - S) come from the e, orbitals. The
results are obtained for a system where both iridium atoms
in the dimer are tetravalent (d°-d?). Similar conclusions were
obtained for dimers of mixed valence d*-d° [29] where a re-
duction of magnetism was found. It is worth noting that dimer
formation results in a strong suppression of local magnetic
moment (both spin and orbital degrees of freedom) regardless

of whether the dimers are described with an independent par-
ticle wave function or with a two-electron wave function. The
pressure-induced dimerization observed in 8-Li,IrO3 [2,6] is
accompanied not only by the suppression of magnetic order,
but also by suppression of local Ir magnetic moments as seen
both in the reduction of the high-temperature paramagnetic
susceptibility and effective paramagnetic moment [3,7].

The shifts in energy and the quenching of the orbital
moment with increased strength of dimerization agree with
previously published XAS work [2,3]. The increase in
bonding-antibonding splitting with pressure is clearly ob-
served in the L3 edge, where the pre-edge arising from
transitions into empty antibonding states shifts closer to the
absorption peak corresponding to excitations into the empty
e, states. The branching ratio, directly related to the ground-
state expectation value of the spin-orbit coupling (L - S), is
strongly reduced at high strength of dimerization. Since the
bonding states are delocalized over both atoms in the dimer,
the direction of the moments on iridium are no longer fixed.
This destroys the long-range magnetic order and the local
moments. The good agreement between the theoretical model
and experimental results provides clear confirmation of the
competition between the formation of molecular orbitals and
Jetf states in compressed B-Li, [rO3.
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