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We report on the charge-ordered structure of LiRh2O4 arising below the metal-insulator transition
at 170 K. Structural studies using synchrotron X-rays have revealed that the charge-ordered states of
Rh** and Rh** with dimerization are realized in the low-temperature phase below 170 K. Although
the low-temperature ground state resembles that of CulraS4, a charge ordering pattern satisfying the
Anderson condition is realized in LiRh2O4. Based on structural information such as the short-range
order of dimers appearing above the transition temperature and the weakening of the correlation
between rhodium one-dimensional chains appearing in the crystal structure, we argue that the
Coulomb interaction plays an important role in determining the charge ordering patterns.

Structural symmetry breaking caused by the or-
dering of electronic multiple degrees of freedom cou-
pled to the lattice, occurs ubiquitously in transition
metal compounds [1-3]. Examples include iron chalco-
genides/pnictides superconductors [4-6] and materials
forming exotic low-temperature orbital molecules [7-18].
Recently, it was found that symmetry breaking can occur
locally, as a precursor, even above the transition temper-
ature [18-26]. Spinel compounds CulrySy and MgTia Oy
undergo a metal to nonmagnetic insulator transition ac-
companied by a structural distortion with the formation
of orbital molecules at low temperature [7, 8]. Although a
regular pyrochlore lattice was expected above the transi-
tion, recent experimental results using the pair distribu-
tion function (PDF) analysis of the local structure have
shown that tetragonal distortions appear in the short-
range length scales due to the realization of fluctuating
d-orbital degeneracy lifting (ODL) [21, 22]. ODL states
do not only appear in special systems, but are univer-
sally found in transition metal compounds, linked to sev-
eral important phenomena in condensed matter physics
[21, 25-29]. For example, ODL states have been pre-
dicted in the superconductor FeSe due to local nematicity
[25, 26].

The spinel LiRhyOy4 has a 4d>® electronic configura-
tion that is isoelectric to CulrsSs, and shows a non-
magnetic insulating transition below 170 K [9]. Earlier
HAXPES measurements [30] and PDF analysis [31] sug-
gested charge separation between the Rh3* and Rh**
ions, and the dimerization in the low-temperature phase.
In LiRh5Qy4, a structural transition from cubic to tetrago-
nal occurs at a higher temperature of 220 K. This phase
transition is considered to be a band Jahn-Teller tran-
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sition, where the three degenerate t;, band manifolds
are split into two bands, one with stabilized yz and zz-
characters and the other with destabilized xy-character
[9]. Although the ODL state has not been identified
in LiRhs Oy, it was proposed that the low temperature
dimers survive locally in the high-temperature phase
through the band Jahn-Teller phase [31]. Strong elec-
tron correlations, which is different from that in metal-
lic spinels such as CulrySy, is believed to be key to
the formation of such short-range dimer. Therefore,
we can expect LiRhyO4 is different from conventional
ODL systems. How the local dimers develop into a
low-temperature ordered phase is an important question.
Moreover, the crystal structure of the low-temperature
phase has not been identified yet.

In this letter, we report the identification of a
charge-ordered structure with dimerization in the low-
temperature phase of LiRhoO,4. From synchrotron pow-
der X-ray diffraction (PXRD) experiments, we clarified
that the correlations between one-dimensional chains of
Rh extending in the xy-plane were weakened in the band
Jahn-Teller phase. Hereinafter, we refer to the one-
dimensional chains of Rh with zy-, y2-, and zz-characters
as “xy-chain”, “yz-chain”, and “zz-chain”, respectively.
Consequently, the local dimers on the xy-chain becomes
weakly interacting between the xy-chains. Upon cool-
ing, the fluctuating local dimers become ordered, and a
charge-ordered state with dimers is realized in the same
manner as the ground state of magnetite proposed by
Anderson [32, 33]. We argue that such ordered states
are formed once the dimer fluctuations are stabilized by
Coulomb interactions.

LiRhy04 powder samples were prepared according to
the reference [9]. PXRD were performed at the BL5S2
beamline of the Aichi Synchrotron equipped with a PI-
LATUS 100 K at E = 19 keV. RIETAN-FP was used
for the Rietveld analysis [34], and VESTA was used for
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FIG. 1. (a) PXRD patterns obtained at 235 K, 190 K and
150 K. The inset shows temperature dependent lattice param-
eters. (b) The unit cell and crystal axis in each temperature
region with the xy, yz, and zz-chains consisting of Rh. (c)
FWHM of some peaks colored in Figure 1(a). The inset shows
relationship between the xy-chains and the crystal planes cor-
responding to the colored indices.

graphing [35]. High energy PXRD for PDF analysis were
carried out at BL04B2 of SPring-8 equipped with a hy-
brid Ge and CdTe detector at £ = 61 keV [36]. The
reduced PDF G(r) was obtained by the usual Fourier
transform of the collected data, where the PDFgui pack-
age was used [37].

Figure 1(a) shows PXRD patterns of LiRhyO4 ob-
tained in the high-temperature paramagnetic phase (HT-
phase), band Jahn-Teller phase (IT-phase), and low-
temperature nonmagnetic insulator phase (LT-phase),
respectively. The diffraction data of the HT-phase was
fitted assuming an undistorted cubic symmetry as sum-
marized in Supplemental Information [38], along with
some RhpOj3 present as impurity (6.7% in molar ratio).
In all the following data, the analysis is performed assum-
ing the existence of RhyO3. At 220 K, the band Jahn-

Teller transition occurred, and the space group changes
to I4;/amd. The unit cell and the crystal axis are
changed as shown in Figure 1(b), where only the Rh ions
are shown. Three Bragg peaks 311., 400., and 331,
highlighted in red, green, and blue, respectively, are split
into two peaks with different intensities. The lattice pa-
rameters obtained from the refinement are shown in the
inset of Figure 1(a).

In Figure 1(c), the temperature dependence of the full-
width half-maximum (FWHM) of the 311., 400, and
331, peaks of the HT-phase and their derivatives are
shown. Of the two peaks that split and appear below
220 K, the weaker peak shows characteristic broadening.
This broadening is slightly suppressed but maintained in
the LT-phase. Such a peak broadening has already been
reported [9], but the cause is not clear. Since broadening
does not occur in all peaks, the broadening of the peaks
does not originate from the short-range structural do-
mains that occur in the band Jahn-Teller transition, but
is thought to be due to the weakening of the long-range
electron correlation between specific structural units in-
side the crystal. For example, the 00! peak of a layered
compound connected in the c-axis direction across the
van der Waals gap can be broadened.

Since the atomic scattering factor of Rh is much larger
than that of Li and O and contributes significantly to
the diffraction intensity, we will focus on the contribution
of Rh in the following sections and discuss the cause of
the peak broadening. The pyrochlore lattice of LiRhsOy4
consists of an entanglement of xy, yz, and zz-chains ori-
ented by the to, orbitals of Rh, as shown in Figure 1(b).
These three chains are crystallographically equivalent in
the HT-phase, but in the IT-phase, the xy-chain becomes
independent from the other. Figure 1(c) inset shows the
relationship between the xy-chains and the crystal planes
of the 103;, 004;, and 301; indices in the IT-phase. In
all of them, the xy-chain is always on the crystal plane,
therefore, the interaction between neighboring xy-chains
strongly affects the intensity and half-width of the Bragg
peak of these indices. This kind of broadening was ob-
served whenever the neighboring zy-chains were on the
plane indicated by the index, suggesting that the elec-
tronic correlation between zy-chains in the IT-phase is
weakened. Conversely, of the two peaks that split in the
IT-phase, the sharp peaks are related to the yz- and zx-
chains, not to the zy-chains, indicating that the long-
range electronic correlation between these chains is pre-
served. The reason why only the correlation between the
zy-chains is weakened is not clear, but it may be be-
cause the distance between the xy-chains increases with
the band Jahn-Teller transition, or because the yz- and
zx-bands, which reflect the electronic states of the yz-
and zz-chains connecting the neighboring xy-chains, are
occupied by electrons, leading to a weakening of the elec-
trical interaction between the xy-chains via yz- and/or
zz-chains.

Of the two split peaks present in the IT-phase, the
sharper peak splits into two when the temperature is low-
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FIG. 2. (a) Rietveld analysis for 115 K data using the space
group A2:22. The reliability factor S(= Ruwp/Re) is the ratio
of the residual sum of squares, R.p, to the smallest statisti-
cally expected Ryp, Re. The peaks originating from the frost
are refined together. Inset shows magnified view. The mix-
ture of wide and sharp peaks makes it difficult to fit the peaks
well, especially in the highlights. (b) Rh dimers revealed by
Rietveld analysis. (c-d) Results of fitting the reduced G(r)
data with the models for (e) no displacement of Rh and (b)
displacement, respectively. The tick marks indicate the Rh-
Rh distance component. (f) Enlarged view around r(A) ~ 3.0.
(g) Simulated contribution calculated using the (b) model.

ered to the LT-phase, as shown in Figure 1(a). This indi-
cates that the LT-phase is orthorhombic. Meanwhile, the
103;, 004;, and 301; peaks remain broad in the LT-phase,
indicating that the short-range correlation between the
xy-chains is maintained. Although the broadening of spe-
cific peaks is maintained, the following extinction laws
can be found in the diffraction pattern of the LT-phase:
hkl: k+l # 2n+1 and h00: h # 2n+1 when the crys-
tal axes are taken in the same way for the HT- and
LT-phases, as shown in Figure 1(b). The orthorhombic
space group satisfying these extinction laws is uniquely
determined to be A2;22. Hence, we identified the crystal
symmetry of the LT-phase.

The results of the Rietveld analysis assuming space
group A2;22 are shown in Figure 2(a). The ordered
structure of Rh is shown in Figure 2(b), confirming the
formation of the dimer. The details of the refined struc-
ture are summarized in supplemental information [38].
The relatively large reliability factor S is due to the per-
sistence of peak broadening even at low temperatures.
When sharp and broad peaks are mixed, as shown in the
inset of Figure 2(a), the width and intensity are not well
refined for all peaks, resulting in large residuals and large
S values.
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FIG. 3. Charge-ordered pattern with dimerization in LT-
phase, drawn in the similar fashion presented in reference [39],
and the Rh-Rh distances obtained from the analysis in Fig-
ure 2(d).

The G(r) corresponding to the local structure was ob-
tained for the PDF analysis of the diffraction data. The
data (blue circles) at 30 K are compared to a model G(r)
calculated using the 42722 symmetry in Figures 2(c) and
(d). First, in Figure 2(c), the fitting was performed us-
ing the model shown in Figure 2(e) without taking into
account the atomic displacement of Rh. The simulation
peak around r(A) ~ 3.0 attributed to the nearest Rh-Rh
distance is shifted to lower r side relative to the experi-
mental peak, indicating that there is a component with
a longer Rh-Rh distance that is not considered in the
current model. Assuming the presence of a short Rh-Rh
bond associated with dimer formation, a large number
of long Rh-Rh components appear as compensation. As-
suming the dimer with an interdimer distance of 2.799
A, a large number of ticks appear around T(A) ~ 3.0 as
compensation, resulting in good fitting as shown in Fig-
ure 2(f). The fitting around 7(A) ~ 5.2 and 7.8 are also
improved. Note that these peaks are almost entirely due
to the Rh-Rh distance, as shown in Figure 2(g). Our re-
sults thus show that atomic displacements of Rh toward
dimerization occur in the low-temperature phase.

The local structure we obtained is the only model that
can explain charge separation and dimer formation in the
A2122 space group, where Rh splits into two crystallo-
graphically equivalent 8c sites. If dimer formation occurs
between the different sites, all atoms should be involved
in dimer formation and no charge separation should oc-
cur, which is inconsistent with the HAXPES results [30].
Considering that the Rh3* ion is in the Jahn-Teller inac-
tive d° electronic state and that the Rh** ion is involved
in dimer formation, the white and blue spheres can be
safely assigned to Rh3* and Rh*T, respectively in the
unit cell models. Note that the charge separation was
also supported from the Bond Valence Sum, as shown in
the Supplemental Information [38]. Oxygen coordinates
determined from PDF analysis using neutron diffraction
data are used, and the details are summarized there as
well.



'tetrago;'\al model

@
10 .
= /M\/\/\j\/\
S o \
& | "

- --\/\/"\/\/_'V\/\/—'\/\/\‘/‘M/\"\‘/!/‘\—
10 ; ; . . 180K R,:0.130354

10 ' i ' orthorhombic model without dimer

= of =

=

o [ 1 " [ i
A0F ~~— N~ ——

] , ] 180K R,:0123125 | | s
(c) i K ) orthorhombic model with dimer | 2.75  3.00 3.25

—~ 10t

g rib)

ot tetragonal model
= OF | __ orthorhombic model
] m " wen w0 without dimer

-10F AT T N ———————~——~—  orthorhombic model

] ] ) 180K R,:0.10565 with dimer
2 3 4 5 16 8 9
r(&)

FIG. 4. (a)-(c) Results of fitting reduced G(r) data with
tetragonal model (d), orthorhombic model without atomic
displacement of Rh, and orthorhombic model with atomic dis-
placement of Rh for dimerization, respectively. (e) Enlarged
view around r ~ 3.0 for (a)-(c).

The proposed structure is schematically shown in Fig-
ure 3 with the Rh-Rh distances. This is similar to
the model used for the charge-ordered structure of the
metallic spinel CulreS, based on an orbitally induced
Peierls transition [39]. Given the strong electron cor-
relation of LiRhyO4 compared to CulrySy, a different
mechanism is expected for charge ordering. The obtained
charge-ordered structure with dimer is similar to that of
CulrySy, but the charge-ordered arrangement occurring
in the xy-chains is in a different phase between the xy-
chains. This is very important because in the resulting
charge-ordered arrangement of LiRhyOy, the sum of the
number of charges inside any Rhy tetrahedron forming a
pyrochlore lattice is equal, which is the pattern proposed
by Anderson as the ground state of magnetite [32, 33].
It was proposed that the charge separation of Fe?t and
Fe3t occurs as a consequence of the Coulomb interac-
tion between cations, so that the number of charges in-
side any Fe4 tetrahedron is equal. Although the ground
state of magnetite has already been found to be differ-
ent from that proposed by Anderson [40-44], the fact
that the charge ordering pattern of LiRhyO4 satisfies the
Anderson condition seems to suggest that Coulomb in-
teraction plays a dominant role in the determination of
the ground state.

For our system, the local dimers forming the I'T-phase
reported previously may provide important information
[31]. Their presence was confirmed by fitting the data at
180 K in the IT-phase. Figure 4(a)-(c) show the results of
fitting to the data at 180 K with three different models.
When fitting the data using the average structure of the
IT-phase as shown in Figure 4(d), a characteristic resid-
ual appears around r(A) ~ 3.0 as in Figure 4(e), which
is similar to the one shown in Figure 2(f). Although
this residual survives when we assume an orthorhombic
model without atomic displacements, it disappears when
we assume an orthorhombic model with dimers.

If the dimers persists in the IT-phase but fluctuating
with short-range ordering, this dimer fluctuation should
be accompanied by charge fluctuations as well. Note that
the results of previous HAXPES measurements supports
this idea, since the Rh 3d5/, HAXPES data consists of
Rh3* and Rh*" components even in the IT-phase [30].
That is, in the I'T-phase, the dimer fluctuations are ac-
companied by charge fluctuations in the zy-chain, and
the strong electronic interaction between the xy-chains is
absent. The remaining important factor causing charge
ordering at low temperatures is the far-field force, the
Coulomb interaction. As a result, the type of charge-
ordered state proposed by Anderson as the ground state
of magnetite is expected to be realized in the LT-phase.

Thus, in LiRhsOy4, dimer fluctuations appearing in
the IT-phase develop into the ordered state at LT-
phase. Since the orbital degrees of freedom have al-
ready been lost in the I'T-phase, which is a unique fea-
ture of LiRhyQy, it is clear that this dimer fluctuation
is a different state from the ODL. Furthermore, it has
been argued that the ODL is not a direct reflection
of the low-temperature ordered state and needs to be
studied independently [21], but the dimer fluctuations
in LiRhsO4 seem to appear as a short-range order of
the low-temperature ordered state. Such dimer fluctu-
ations can be realized in many systems as well as in
the ODL and significantly affect the ordering of the low-
temperature phase.

Finally, we discuss the origin of the dimer fluctuations.
For example, the ODL appears due to local nematicity
in the iron-based superconductor FeSe. It has been ar-
gued that the existence of ODL explains the discrepancy
between the tetragonal-orthorhombic transition temper-
ature of 90 K and the huge energy splitting between 3d,,.
and 3d, orbitals corresponding to 580 K [25, 26]. It has
also been pointed out that a similar argument may be
universally applied to many systems that undergo struc-
tural phase transitions at low temperatures [21]. It re-
mains to be seen whether the dimer fluctuations make
an important contribution to the physical properties as
in the ODL, but we note that the dimer fluctuations
are reminiscent of the Cooper pair in superconductiv-
ity. In fact, superconductivity often appears in Rh spinel
compounds with the same d°° electric state as LiRhyOy
[45, 46]. This may lead to a new research field of exotic
superconductivity related to dimer fluctuations.
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