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Effects of Mn-substitution on the valence bond solid in Li;RuQ;
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Li,RuO; with a honeycomb structure undergoes a drastic transition from a regular honeycomb lattice with the
C2/m space group to a valence-bond solid state of the P2, /m space group with an extremely strong dimerization
at 550 K. We synthesized Li;Ru;_,Mn,O; with a full solid solution and investigated doping effects on the
valence-bond solid state as a function of Mn content. The valence-bond solid state is found to be stable up to x =
0.2, based on our extensive experiments: structural studies, resistivity, and magnetic susceptibility. On the other
hand, the extended x-ray absorption fine-structure analyses show that the dimer local structure remains robust
even above x = (.2 with a minimal effect on the dimer bond length. This indicates that the locally disordered
dimer structure survives well into the Mn-rich phase even though the thermodynamically stable average structure
has the C2/m space group. Our results prove that the dimer formation in Li,RuO; is predominantly a local
phenomenon driven by the formation of orbitally assisted metal-metal bonds and that these dimers are relatively

robust against doping-induced disorder.

DOI: 10.1103/PhysRevB.103.035151

I. INTRODUCTION

For most transition-metal oxides, strong covalent bonding
between d orbitals of transition-metal ions with oxygen p
orbitals is essential to describe the various properties found
in the materials [1]. Although not so common, there are also
situations where a direct overlap between d orbitals plays a
significant role. In this case, various other factors have become
increasingly important. And they need to be considered with
care, such as the position of a transition metal in a periodic
table, the shape of the wave functions in the #,, manifold, and
the geometry of the network of metal-ligand polyhedra [2].
Under certain conditions, the transition-metal ions can also
form well-defined clusters, and the electronic wave function
of these clusters could then be described using a molecular
orbital picture. Such metal clusters in the solid form a periodic
array called a valence-bond solid (VBS) or, sometimes, a
valence-bond crystal [3-5]. And the system’s periodicity and
pattern of those systems are related to the cluster’s internal
degrees of freedom. Not surprisingly, the orbital degrees of
freedom are essential for such clusters’ orbital-selective be-
havior [6-8] with a well-known example of TI;Ru,0O7 [9].

All these features are now seen in the example of Li;RuOs.
It has a layered honeycomb structure with Ru-O layers
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separated by the Li layer, and the honeycomb Ru layers are
composed of edge-sharing RuOg octahedra. Miura et al. [10]
reported a peculiar structural transition in this system with
strong Ru dimers forming a herringbone pattern in the hon-
eycomb layer. The dimerized Ru-Ru bond length was 2.57 A
at 300 K [10]—much shorter than the Ru-Ru metallic bonds
of 2.65 A. On the other hand, the other Ru-Ru bonds between
dimers (interdimer bonds) of about 3.05 A are much longer
than an intradimer bond of about 2.57 A. This difference
between two Ru-Ru bonds is the largest ever reported so
far in Ru compounds. Another interesting point is that this
dimerized system goes through a structural transition at an
exceptionally high transition temperature of 7c = 550K, ac-
companied by a concomitant change in the space group from
P2, /m below Tc to C2/m above. It was also pointed out based
on the Wilson ratio analysis that the dimerized phase exhibits
unusual correlation effects [11].

According to the previous x-ray diffraction data, Ru dimer-
ization on the average disappears above Tc [12]. On the other
hand, a different picture emerges out of the pair distribution
function analysis with the total scattering measurement that
the dimers still survive well above the transition temperature
on a local scale [12]. These particular results call for a revi-
sion of the simple dimer formation picture at the transition
temperature. Instead, it implies that one has to visualize this
average C2/m structure containing random and fluctuating Ru
dimers. This also agrees that the system exhibits a diminished
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local spin moment of § = 1/2, instead of the § = 1 expected
for the typical tg‘g electron configuration of Ru** [12]. With
these thermally fluctuating dimers, this phase may be called a
valence bond liquid (VBL) state.

The present paper aims to investigate the doping effect on
the dimerized state by replacing Ru with Mn. As Li;MnOj3
has the same honeycomb structure as the C2/m space group
[13], one could expect that it would form a solid solution with
Li,RuO3 all across the full doping range. A small difference
in the unit cell volumes of 5% between the two end com-
pounds is also a favorable factor for forming the full range
of solid solutions with the possibility of fine-tuning and of
precise control over the dimer phase. These expectations are
indeed confirmed experimentally: We managed to synthesize
LiRu;_,Mn,O; in the full concentration range 0 < x < 1. In
this paper, we found that the thermodynamically stable VBS
phase is only confined up to 20% of Mn doping, above which
the transition becomes invisible by all the thermodynamic and
transport measurements we carried out. However, our local
structural study using extended x-ray absorption fine structure
(EXAFS) demonstrates that this VBS state exists locally and
probably becomes VBL for the Mn-rich region. Therefore,
our Mn doping plays a similar role as the temperature across
the unique phase transition, thereby offering an exciting novel
window into this intriguing physics.

II. EXPERIMENTS

We prepared 12 different samples for this paper alto-
gether. Polycrystalline samples of Li;Ru;_Mn,0; (x =0,
0.03,0.05,0.08,0.1,0.2,0.4, 0.5, 0.6, 0.8, 0.9, and 0.95) were
synthesized by a solid-state reaction method. The starting
materials were Li;CO3 (99.995% purity, Alfa Aesar), RuO,
(99.95% purity, Alfa Aesar), and MnO; (99.995% purity, Alfa
Aesar). We first dried the starting materials at 600 K for
6 h due to their hygroscopic character. The stoichiometric
quantity of each compound plus 5% excess of Li,CO3; was
placed in an alumina crucible, and the mixture sintered se-
quentially at 700 and 900°C for 12 h at each temperature.
After that, each mixture was pelletized and heated at 1000 °C
for 24 h. The samples’ structures were confirmed by powder
x-ray diffraction (XRD) using a Rigaku Miniflex2 (Cu target,
suppressing Kg with a Ni filter). The lattice parameters of each
sample were refined with the Le Bail method.

We measured a high-temperature (HT) resistivity of each
pelletized sample with the four-probe method using our home-
built setup. The voltage difference between I /I~ electrodes
was kept below 0.2 V to prevent any possible charging effects
from the highly mobile Li* ions [14]. The HT magnetic sus-
ceptibility measurements were carried out using a magnetic
property measurement system (MPMS-3, Quantum Design).
We sealed the sample with nonmagnetic zirconium cement
during the measurement to improve the samples’ thermal
conduction. We also measured the enthalpy change across
the phase transition using differential scanning calorimetry
[Discovery differential scanning calorimetry (DSC), TA In-
struments]. The measurement was carried out with a heating
rate of 10 K/min under a N, environment.

To examine the local structure of heavily doped samples,
we employed the extended x-ray absorption fine structure. It is

a technique specially designed to probe local structure around
a particular ion [15]. The EXAFS spectra of Li;Ru;_,Mn,O3
were measured at the Ru K edge in a transmission mode at the
beamline 10C at Pohang Light Source, Korea. The samples
were sealed in polyethylene for the room-temperature mea-
surement. For the HT measurement, the sample is mixed with
boron nitride at a 1:1 weight ratio and pelletized. The data
were processed and analyzed with DEMETER [16]. The fitting
curves and the summary of the fitting parameters are given in
Fig. 6 and Table L.

III. RESULT AND ANALYSIS

Li;RuO; (P2;/m) and Li;MnO3 (C2/m) form a layered
honeycomb lattice with similar crystal structures as shown
in Fig. 1(a) [10,13]. Both structures are composed of edge-
sharing octahedra, but only Li,RuO; has the contracted
transition metal bonds with the space-group P2;/m at room
temperature. The XRD data of the solid solution in Fig. 1(b)
shows that with increasing Mn composition, two peaks at 44°
and 45° come closer and almost merge at x = 0.2. It signals
that the structure with P2;/m is no longer stable for x > 0.2,
at least, as an average structure. According to our x-ray data
analysis, the system has the C2/m structure of Li,MnOj3 for
x > 0.2. The lattice parameters of each sample were refined
with the Le Bail method [17]. The unit-cell volume of the
LiRu;_,Mn,O; solid solution in Fig. 2(a) decreased mono-
tonically with increasing x.

The blue-green and burgundy lines in Fig. 2(a) are linear
fitting results using Vegard’s law for the two different regions:
One is for 0 < x < 0.2, and another is for 0.4 < x < 1. These
linear fits show two distinct regions in terms of the fitting:
one (burgundy) for the smaller doping is that of the VBS
whereas the other (blue-green) for the higher doping range
for the phase with the C2/m space group. Another interesting
observation is the breakdown of Vegard’s law, which is rather
rarely seen. That we have observed such a rare breakdown
of Vegard’s law by Mn doping for x larger than 0.2 must be
related to the nature of the dimer structure and its doping
effect. For example, although the dimer phase is seen to be
stable only up to x = 0.2, the decreasing yet persisting gap
to x = 0.4 or higher between the two straight lines implies
that the dimer phase may well survive locally even if it is no
longer thermodynamically stable. This point will be further
investigated by our EXAFS experiments to be discussed later
in the paper.

Dimerization for x < 0.2 is also reflected in the lattice
parameters’ doping dependence shown in Fig. 2(b). On the
other hand, the interlayer spacing csin 8 shows the typical
behavior of decreasing linearly with increasing Mn because
Mn has a smaller ionic radius than Ru (Mn**: 0.53 A / Ru**:
0.62 10\) [18]. A more drastic observation is that the distortion
parameter u [:b(a\/g) — 1], shown in Fig. 2(c), quantifying
the dimer distortion of the P2;/m phase, exhibits an apparent
suppression with Mn doping before disappearing for x > 0.2,
consistent with our conclusion above. Therefore, our XRD
data confirm that the solid solution in the P2;/m phase has
an additional volume reduction related to the distortion in
the honeycomb layer, and this average distortion exists up to
x=0.2.
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TABLE I. Fitting information of EXAFS signals for Li;Ru;_,Mn,0; (x = 0, 0.05, 0.1, 0.2, and 0.4). Note that there is no fitting parameter
ARy, and Aoy, in the case of x = 0 while we left blanck where values are smaller than 0.4. We used Ey = 22,123.4 eV for the analysis.

x=0 x =0.05 x=0.1 x=0.2 x=04
Input NO, Ru-O 6 6 6
Nru(1), dimer 1 1 1 1 1
Niu), interdimer 2 1.8 1.6 12 0.4
Nvin,Ru-Mn 0.2 0.4 0.8 1.6
Number of variables 7 9 9 9 9
Output R factor 0.020657 0.01972 0.012115 0.011302 0.024187
AE, —1.591 £2.224 —-0.878+2.550 —0.7434+1.903 —-0.598+1.716 —0.619 +£2.570
Correlations AEy and ARgy.0 0.8177 0.8436 0.8408 0.8383 0.8477
AEy and ARgimer 0.4739 0.5979 0.5675 0.4445 0.5715
AEy and ARiperdimer 0.704 0.4608
AEy and ARgyMn 0.5532
ARgy-0 and ARgimer 0.4114 0.5555 0.5323 0.4138 0.5276
ARRU-O and ARimerdimer 0.5537
ARRu—O and ARRu—Mn 0.5027
ARdimer and ARimerdimer —0.4939
AR gimer and ARy 0.6851 0.6733 0.594 0.7087
ARinerdimer and ARgy M —0.5301 —0.6991 —0.7739
Aoimerdimer and ARRU-Mn 0.7281 0.6892

We also studied how the physical properties of the sys-
tem evolve upon Mn doping. The curves in Fig. 3(a) are the
normalized magnetic susceptibility measured with a magnetic
field of 1 T. There are hysteresis loops in the curves for x <
0.2 due to the phase transition. Interestingly, both physical
properties have anomalies at temperatures considering those
in pure Li;RuOj3 [10], but they deviate from each other with
increasing Mn. For instance, the magnetic transition temper-
atures rose from 530 K for x =0 to 560 K for x = 0.03.
On the other hand, the resistivity transition temperature de-
creased monotonically with increasing x [Figs. 3(b) and 3(c)].
The temperature difference for x = 0.15 was about 50 K.
Previous studies by Ponosov et al. [19] and Mehlawat and

Singh [20] also reported that the transition of Li;RuOs3 is a
combination of two consecutive phase transitions, and they
have both the nature of the first- and second-order phase
transitions. Our result shows that the transition is indeed
complicated and seems to reveal such features more read-
ily upon doping. Given the results of electric and magnetic
properties presented above, one sees that the phase diagram
of Li;Ru;_,Mn, O3 systems can be divided into the P2;/m
and the C2/m phases, and the solid solution in the P2;/m
phase has a phase transition behaving, such as that in the
pure LiRuO;3. Another point of note is the gradual increase
in the resistivity value at 600 K with Mn doping. It implies
that the tiny charge gap of Li;RuO3 [11] gets considerably

(a) Li,MnQ,, C2/m (b) !

40 45 50 60 65 70
20(%)

FIG. 1. (a) The crystal structures of Li;MnOj3 (top) and Li,RuOs (bottom). Both have a layered honeycomb structure separated by Li*
ions, but only Li;RuQOj3 has strong dimerization. The dimer (red) bonds are 2.57 A, whereas the nondimer (black) bonds are about 3.05 A. In
contrast, Li,MnOj has regular intertransition-metal ion bonds in the range of 2.82-2.84 A. (b) XRD data for the Li,Ru;_,Mn,O5 systems with
the P2, /m space group for x < 0.2 and the C2/m space group for x > 0.2.
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FIG. 2. (a) Unit-cell volumes of the Li,Ru;_,Mn,O; systems
refined by the Le bail method. The blue-green line is a fitting result
for the systems’ volume data with x > 0.2, and the burgundy line
is that of the systems with 0 < x < 0.2. (b) The lattice parameters
a (blue triangles), b (red diamonds), and the interlayer distance
(csin B, green snowflake) of Li,Ru;_,Mn,O;5 systems. Both b and
¢ sin B decrease monotonically with increasing Mn doping, whereas
a maximum is about at Mn 40%. The orange line in (b) is a guide
to the eyes. (c) The distortion parameter u = % — lis plotted as a
function of Mn doping.

increased by Mn doping, pushing it towards a Mott insulating
regime.

Figure 4(a) is the k*-weighted Fourier transform (FT) of
the EXAFS spectra taken at 300 K at the Ru K edge for
Li;Ru;_,Mn, O3 (x =0, 0.05, 0.1, 0.2, and 0.4, the range
of FT: 3-14 A~"). A peak related to each scattering path on
the spectra is generally 0.3-0.4 A shorter than the actual
interatomic length because of the phase shift by the potentials
near scattering and absorbing ion. In the previous research, the
peaks around 1.5 and 2.2 A were identified as single scattering
paths for Ru-O (2.0 to 2.1 A) and Ru-Ru (dimer, 2.57 A),
respectively. And the EXAFS spectra at Mn K edge show that
Mn does not form dimers [21]. Our 300-K data show that the
Ru dimer’s length is not affected by Mn doping regardless of
the system; the 2.2-A peak is not shifted by Mn doping up
to x = 0.4 where the system has the space group of C2/m
[Fig. 4(b)].

Figure 4(c) is the temperature dependence of the EXAFS
spectra for LiRug9Mng ;O3. The peak at 2.2 A, which repre-
sents the single scattering path between Ru ions in the dimer,
is slightly shifted with increasing temperature [Fig. 4(d).
However, its intensity decreases because of thermal broaden-
ings. Besides, there is no pronounced change at the transition,
unlike the EXAFS results on other clustered systems, such as
VO, and 17CrSe; [22,23]. This analysis shows that the Ru
ion’s surroundings are not changed much and the dimers still
exist above the phase transition temperature, at least, as a local
structure.
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FIG. 3. (a) Normalized magnetic susceptibility data taken at
H = 1T for Li;Ru;_,Mn,O; systems. (b) Normalized resistivity
data with 7/ = 10 uA for Li;Ru;_,Mn,O; systems. The black ar-
rows indicate the phase-transition temperature of each resistivity
curve. (c) Resistivity phase-transition temperature (7g.s, left) and
the Li;Ru;_,Mn,O; systems’ resistivity at 600 K (right). The red
dashed line and the equation are a line fitting result of the transition
temperatures.

To examine the thermodynamic nature of the transition
with doping more directly, we measured the transformation
heat of the Li;Ru;_,Mn,O; solid solution in the P2;/m
phase during the phase transition [Fig. 5(a)]. The phase-
transition temperature linearly decreases with doping, and
its value is close to that deduced from the resistivity data
in Fig. 3(c). The deviation between the two sets of transi-
tion temperatures, seen in Fig. 3, is due to the first-order
phase transition hysteresis. The integrated area for x = 0 is
found to be 1.0kW K~!'mol~!, and the enthalpy change is
6.0 kJ/mol (heating rate: 10 K/min) during the phase transi-
tion. This value corresponds to 62 meV per chemical formula
[Fig. 5(b)]. A previous study by Kimber et al. [12] reported
that the calculated energy difference between the armchair
(P21/m) and parallel (C2/m) structure is 42 meV, which is
suggested to represent the energy difference between the VBS
and the VBL phases. Our result is bigger by 20 meV than their
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FIG. 4. (a) The k*-weighted Fourier transform magnitudes of the
Ru K-edge EXAFS spectra of the Li;Ru;_,Mn,O; (x =0, 0.05, 0.1,
0.2, and 0.4) systems. (b) The doping dependency of the intertransi-
tion metal distances of Ru and Mn in the honeycomb layer. The blue
circles (red diamond) indicate Ru dimer’s lengths (interdimer), and
the green squares indicate the distance between Ru and Mn. (c) Tem-
perature dependence of the EXAFS spectra of Li;Rug¢Mng;03. The
temperature dependencies of (d) the distances between Ru and Mn in
the honeycomb layer and (e) their thermal factors. The black dashed
lines in all graphs are the structural phase-transition temperatures of
the system.

value, which we think is not due to the volume change: the
1 A3(=1073 m?) unit-cell volume variation only contributed
about 6.0 x 10~*meV to the enthalpy at normal atmospheric
pressure. Instead, we believe that it has an electronic origin.
Li;RuO; is an insulator over the entire temperature range.
Still, the calculated electronic density of states in Kimber’s
study has no electronic energy gap near the Fermi energy,
regardless of the phase transition. This discrepancy might
as well lead to the underestimation of the electronic energy
reduction by the phase transition.

According to our analysis, the enthalpy change AH of the
phase transition decreases as x increases. This indicates that
Mn’s substitution for Ru gradually breaks the dimers consis-
tent with other data discussed above [Fig. 5(b)]. Furthermore,
it reduces the entropy variation per Ru ion AS during the
phase transition: The linear fit shows that replacing Ru ion
by one Mn ion reduces AS by 3.51 [0(AS)/0x|,—0 = —3.51].
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FIG. 5. (a) DSC heat flow curves for a series of Li,Ru;_,Mn,O5
systems. The inset graph shows the phase-transition temperature
(Tpsc) of the systems. The linear fitting result is shown as a dashed
red line. The heating rate is 10 K/min. (b) Variation of enthalpy
change AH per Ru ion with x for Li;Ru;_,MnOj. The inset graph
shows the calculated entropy change AS (fdQ/T) per Ru ion during
the phase transition.

The AS per ruthenium ion of pure Li;RuOj is 1.3, closer to
one-third of d(AS)/9x|,—o. But in the case of x = 0.2, in the
vicinity of the boundary of the P2;/m and the C2/m phases,
the averaged entropy variation is much reduced only to 0.62.
Again, this observation paints a picture that the dimer forma-
tion is gradually suppressed by Mn doping. Interestingly, the
previous theoretical discussion demonstrated that the orbital
degeneracy causes spontaneous dimerization of spins and in-
duces VBS’s herringbone pattern [24].

IV. DISCUSSION

First of all, we would like to note that before our paper,
there have been some reports of the doping of Li;RuOs;
see, for example, the results for Ti-doped Li,RuO; [14],
LizRUO.5Mn0‘503 [21,25], and Ir-doped LiQRUO3 [26] What
distinguishes our paper from the previous studies is that we
have made a comprehensive study over the entire doping
range. And we have used experimental techniques covering
both global and local structures in addition to the thermody-
namics tools, such as the heat of the transformation or bulk
magnetic and transport properties. Using this extensive paper,
we could paint a complete picture of the doping effect on the
dimer structure of Li,RuQOs.

The experimental results of the structural deformation, re-
sistivity, and magnetic susceptibility showed that the ordered
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FIG. 6. (a) k*-weighted x (k) and (b) fitting data and curves of
EXAFS signals for Li;Ru;_,Mn, 03 (x = 0, 0.05, 0.1, 0.2, and 0.4).

dimer phase with P2;/m remains robust up to x = 0.2. Our
EXAFS data for x = 0.4, on the other hand, show that the Ru
dimer still exists locally in the C2/m compounds (see Fig. 6).
As our XRD data do not show any sign of the dimer phase,
we conclude that both the highly doped and high-temperature
phases contain disordered and possibly mobile dimers. It is
also confirmed by the observed deviations from Vegard’s law.

The previous theoretical study demonstrated that the
orbital degeneracy is instrumental in the spontaneous dimer-
ization of Li;RuOj3 and induces the VBS’s herringbone
pattern [24]. This study also mentioned other possible types of
orbital patterns, such as the opened or closed chains. Although
those patterns were rejected in the perfect Ru honeycomb sys-
tem, such states could contribute to the proper ground state in
the heavily doped system because the Mn substitution breaks
the dimers and makes the Ru network finite. To verify this
scenario, further calculations are required, such as, e.g., the
Monte Carlo simulations. For higher doping than x = 0.2, we
would like to note that these more Mn-rich samples exhibit the
locally surviving dimer phase in our EXAFS results. Simulta-
neously, there are visible signs of difference in the transition
temperature between the resistivity and the susceptibility.

Taken together, it points to a picture that the system is most
likely to be phase separated and inhomogeneous, consisting
of regions with different properties/structures.

Another point worth noting is that the VBS phase requires
two features: the metal-insulator transition and the singlet
formation. Intriguingly, these two can occur at precisely the
same temperatures in pure LiRuO;. It implies that the two
entities are coupled to one another: they are triggered by
the same source of orbitals in any case. However, in Mn
doping, they appear to occur at slightly different temperatures
as seen in the resistivity and the susceptibility (see Fig. 3).
Interestingly, the DSC results in Fig. 5 exhibit the transition
at the same temperature as the resistivity. We can identify the
transition seen by both resistivity and DSC with the metal-
insulator transition whereas the one in the susceptibility to
the singlet formation. Not surprisingly, the metal-insulator
transition accounts for most of the entropy change involved
in the dimer formation. These observations strongly indicate
that the two in-principle independent mechanisms of the VBS
phase: The metal-insulator transition and the singlet formation
may well be split by Mn doping, which is a new insight and
very revealing for us to grasp a better understanding of the
drastic dimer formation in Li,RuQOs.

Finally, the thermal analysis result shows that the phase
transition’s enthalpy change was underestimated in the pre-
vious DFT calculation. In the calculation results, the band
structures below and above the phase transition have a
nonzero electronic density of states at the Fermi energy [12].
Our previous research verified that the electronic correla-
tion effects are critical to account for the physical properties
of Li;RuQOs;, including the anisotropy [27]. The mismatch
between our experimental and the calculation results could
originate from the correlations [27].

To summarize, the structural deformation, resistivity, and
magnetic susceptibility of Li;Ru;_Mn,O3; show that the
valence-bond solid phase maintains up to x = 0.2. But the
local structure study with EXAFS indicates that the dimers
still exist above x = 0.2, and the Mn substitution does not
influence the dimer’s bond length. These results and the
comparison with the other doping studies indicate that the
dimerization in LiRuQj; is mostly a local phenomenon, caus-
ing the formation of metal-metal bonds, primarily promoted
by the orbital degrees of freedoms. Dimers in Li;RuQO3 are
relatively robust both to temperature increase and strong dop-
ing, which speaks for their local character. One can think that
the dimerization, or more generally, the formation of molec-
ularlike clusters, often observed in correlated solids, see, e.g.,
Ref. [28], should also have similar features.
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