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The spinel-type LiV,0, exhibits heavy-fermion metallic behaviors at low temperatures, but the effect of
composition modulation on them is unknown. We realized the epitaxial growth of highly crystalline LiV,0,4
films and conducted the electrochemical Li-ion intercalation (electron doping) to investigate systematic variation
of transport properties in Li; 1, V,04. We found that adjustment of Li content during pulsed-laser deposition was
important to obtain films exhibiting the heavy-fermion metallic behavior comparable to that of a bulk single
crystal. At low doping regime (x < 0.5), resistivity increased with increasing electron filling. The slope of their
linear 72 dependence also increased in accordance of a Fermi-liquid model. At high doping regime (x > 0.5), a
Mott transition was observed over a range of Li content where a new spinel phase and the original one coexisted.
The results revealed that the electron doping induced enhancement of the electron correlation and the resultant

Mott transition.
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I. INTRODUCTION

A class of strongly correlated metals exhibiting large en-
hancement of the effective mass of carriers below certain
temperatures is called heavy-fermion (HF) systems. The HF
behaviors are mostly observed in f-electron intermetallic
compounds, while they are rarely observed in d-electron
compounds [1]. A spinel-type LiV,0y is the first discovered
d-electron HF system [2], and its properties have been en-
thusiastically studied by means of transport, specific heat,
magnetization, optical measurements, and theoretical calcu-
lations [3—13]. The stoichiometric single crystals of LiV,04
exhibiting metallic conductivity down to low temperatures
are essential to accessing the heavy-fermionic ground state
[6,7,9]. The exceptional HF behaviors of LiV,0, are thought
to be associated with mixed-valent V3% and/or geometrical
spin frustration in the triangular lattice [4,6,10], but no signif-
icant evidence has been found yet. To clarify the origin, the
modulation of HF metallic states by applying magnetic field
[9] or pressure [11] was attempted. On the other hand, there
has been no study of the chemical doping, although it is one
of the most fundamental approaches to access the evolution
of electronic phases. The substitutional doping with divalent
ions (Mg?>* and Zn?") at Li sites is previously studied only
for polycrystalline samples [14—16]. In those studies, electron
doping leads to systematic increase in the resistivity that is
reminiscent of a conventional Mott transition. However, the
metallic conductivity is not observed in the entire range of
doping, even for pristine LiV,04. Due to insufficient crys-
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tallinity, therefore, intrinsic effects of electron doping on HF
metallic ground states in LiV,0y still remain largely unex-
plored.

In recent years, electrochemical Li-ion intercalation has
been employed as the ideal electron-doping method [17-19].
The reversible redox reactions allow one to induce a large
number of carriers without introducing disorder in a host
structure. The normal spinel-type LiV,04 once attracted at-
tention as an electrode material for the Li-ion secondary
battery [20-22]. As LiMn,O4 can be used for the cathode of
a commercial Li-ion secondary battery [23], the spinel-type
transition-metal oxides are of advantage for topochemical
Li-ion (de)intercalations with keeping their host structures.
Therefore, Li-ion electrochemical reaction enables the ideal
electron-doping study on LiV,04.

To implement such a setup, a single crystalline sample
in the form of a thin film is required. Large surface area
and small volume provide an advantage on homogeneous
electrochemical doping [17], which is not readily realized on
bulk samples [24]. However, the epitaxial growth of LiV,04
thin films has not been attained yet partly because of highly
volatile nature of Li species [25,26].

In this study, we established epitaxial growth of the (111)-
oriented LiV,0, thin films which exhibit HF behaviors in
their transport properties. In order to investigate transport
properties of electron-doped Li;1,V,0;4 films, we employed
electrochemical Li-ion intercalation and measured temper-
ature dependence of resistivity. Electron doping induced
systematic increase in a lattice parameter and resistivity
and eventually a metal-insulator transition (MIT). At x <
0.5, the HF behaviors, which were well described by a
Fermi-liquid model, were maintained. In contrast, we found
phase-separation behaviors at x > 0.5. In addition, the slope

©2021 American Physical Society
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FIG. 1. Structural properties of Li-V-O films. (a) Out-of-plane XRD profiles for films grown at various temperatures by using stoichiometric
and Li-rich targets. The asterisks (*) and closed circles indicate reflections from the MgAl,O4 (111) substrates and secondary phases,
respectively. (b) w-scan rocking curve profile of the LiV,0,4 111 reflection for Sample A. (c) Reciprocal space map for Sample A. The
reciprocal point of the LiV,0, 622 reflection estimated for bulk [7] is indicated by the star. The dashed line intersects the axis origin.

of T2-linear resistivity increased in the vicinity of Mott
transition and phase separation. Our results demonstrate
exceptionally strong electron correlation in Lij;,V,04. In
addition, our approach will pave a way to filling control of
Li-containing materials, whose single crystals with various
compositions are rarely prepared.

II. EXPERIMENT

The Li-V-O films were grown on MgAl,O4 (111) sub-
strates by using pulsed-laser deposition (PLD) equipped with
a high-vacuum chamber and KrF excimer laser pulses (10 Hz,
0.6Jcm™2). The ceramic tablets used for the laser-ablation
targets were prepared by conventional solid-state reactions.
Li,CO3 and V,0;3 (both 3N purity) powders with differ-
ent compositions ([Li]/[V] = 0.5, 1.0, and 1.5) were mixed,
pelletized, and sintered at 520-540°C several times until
carbonate species decomposed completely. Substrate temper-
ature was set in a range from 510°C to 610°C. Ar/H, gas
(1 vol% H,) was continuously fed into the chamber with
keeping the pressure of 0.1 mTorr during the growth. Film
thickness ranged from 30 to 100 nm as evaluated by a stylus-
type profiler, and 50-70-nm-thick samples were used for
transport measurements. The flat surface with a root-mean-
square roughness of ~1.0 nm was verified by using atomic
force microscopy. The structural properties before and after
Li-ion electrochemical reactions were investigated by a x-ray

diffraction (XRD) apparatus (SmartLab, Rigaku) with the Cu
K radiation. The temperature dependence of resistivity was
measured by a standard four-probe method using physical
property measurement systems (PPMS) equipped with the
He-3 option (Quantum Design).

The Li-ion electrochemical reactions were performed with
a three-electrode electrochemical cell. The LiV,0,4 films,
LiCoO, /Al foil (AA Portable Power Corporation), and Ag
wire (Nilaco, 4N purity) were used for working, counter, and
quasireference electrodes, respectively. Electrolyte solution
(1 mol L~!) was prepared by mixing LiClO4 (>99% purity)
and propylene carbonate (PC) (>98% purity) in a glovebox
under Ar atmosphere. The solution was heated at ~50°C
in a vacuum to remove moisture before the electrode was
immersed in it. Cyclic voltammetry and chronoamperometry
were performed with a potentiostat (AMETEK SI, Versa-
STAT4) at room temperature (RT) in air or under a vacuum
in the PPMS chamber. The transport properties were obtained
by repeating chronoamperometry followed by temperature-
dependent resistivity measurements under a vacuum in the
PPMS chamber.

III. RESULTS AND DISCUSSION

Careful adjustment of target compositions and growth con-
ditions was found to be important for accomplishing the
epitaxial growth of LiV,04 films. Figure 1(a) shows the
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out-of-plane XRD profiles for the films grown at various tem-
peratures by using two targets with different compositions.
When a stoichiometric target with [Li]/[V] = 0.5 was used,
only reflections that could not be assigned to the spinel-type
LiV,0, appeared. The sublimation of Li species often oc-
curs during PLD, giving rise to the formation of Li-deficient
phases [25,26]. We verified this tendency and prevented the
Li deficiency by using a Li-rich target ([Li]/[V] = 1.0). In
this case, the films showed clear hhh reflections of the spinel-
type LiV,0y4 [7], although a secondary phase appeared when
grown at higher temperature (610°C). In the following sen-
tences, the films grown at 550 and 510°C are referred to as
Sample A and B, respectively. They indicated the identical
peak position and peak width to each other, but their transport
properties were substantially different due to the film stoi-
chiometry and antisites, which will be discussed later.

Figure 1(b) shows the w-scan rocking curve profile of the
LiV,04 111 reflection for Sample A. The full width at half
maximum was found to be 0.06°, indicating high crystallinity.
To investigate the epitaxial relationships, we took a reciprocal
space map around the MgAl,O4 622 reflection, as shown in
Fig. 1(c). The in-plane orientation relationship was verified to
be LiV,04 [211] || MgAl,O4[211]. In addition, the position
of film spot was almost identical to that estimated from a
lattice parameter of bulk (a = 8.2437 A [7]). The out-of-plane
di1; and in-plane d,;7 values were calculated to be 4.746 and
3.378 A, which were comparable to bulk values of 4.759
and 3.365 A, respectively. These results strongly supported
the stoichiometric composition as well as high crystallinity
without any strain from substrates. We note that the use of
another target with [Li]/[V] = 1.5 resulted in the degradation
of crystallinity probably due to excess Li content in the films.

Figure 2 shows the temperature dependence of resistivity p
for the LiV,04 films and references of bulk single crystal [6]
and polycrystal [14]. The transport properties were found to
be sensitive to the growth temperature. Despite the identical
structural properties, Sample A exhibited metallic behavior
(dp/dT > 0) with a clear drop of p below ~20 K, while
Sample B exhibited insulating behavior (dp/dT < 0) below
180 K. Such a deterioration in transport properties is reported
even for bulk single crystals [7].

In the previous studies on bulk single crystals, clear metal-
lic behaviors were seen with the drop of p below 20-30 K,
which was a sign of HF [6,7,9]. In contrast, bulk polycrystals
always kept insulating properties up to RT [14-16]. As for
the Sample A, p at 300 and 2 K was 2.1 and 0.53 mS2
cm, respectively. These values are larger than those of bulk
single crystal with the highest quality (0.8 and 0.04 m2 cm,
respectively [6]) by an order of magnitude. Despite the devi-
ations of p, the observed steep drop is similar to each other.
Moreover, Sample A exhibited clear HF behaviors: the p—T
curves below 2 K obeyed the Fermi-liquid model, and could
be fitted to p = po + AT?, where py is residual resistivity and
coefficient A is a characteristic parameter being proportional
to square of effective mass of carriers m* (inset of Fig. 2).
The estimated A (7.5 ©2 cm K~2) was comparable to that of
bulk single crystal (2.0 4 cm K=2 [6]). This fact suggests
that high-quality epitaxial films also formed HF ground state
with large m*. The A larger than that of bulk may be inherent
in a thin film form with higher resistivity.
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FIG. 2. Temperature dependence of the resistivity (p) for the
LiV,0, films (Samples A and B). Data for bulks are also plotted as in
Refs. [6,14]. The inset shows the linear T dependence of resistivity
for as-grown films below 2 K.

The insulating behavior in Sample B would have been
caused by excess Li at antisites derived from nonequilib-
rium of PLD. For example, in Lij;,Ti;—,O4 (often written
as Li[Li, Ti,_,]04 with emphasis on site position), excess Li
atoms are known to substitute Ti atoms at octahedral sites,
which introduce disorder in a Ti-O conduction network to
reduce the metallicity [27]. The amount of antisite Li atoms
in Li[Li,Ti;_,]O4 can be estimated by degree of the lattice
contraction, which arises from reduced average of ionic radii
at the octahedral site [28]. We noticed the possibility of an-
tisite Li[Li,V,_,]O4, which has not been reported, and the
difference from the case of Li[Li, Ti,—,]O4. Taking the ionic
radii of Lit, V3, and V** into account [29], we find an in-
teresting coincidence. The contribution of [Li*y] on average
of the octahedral ionic radii is exactly counterbalanced by the
sum of those of deficient [V3ty] and excess [V**y], resulting
in a constant lattice parameter as long as oxygen stoichiometry
is preserved. In detail, given radii of each ion at the octahedral
site (76, 64, and 58 pm for Li*, V3* and V4*, respectively),
their average in Li[Li,V,_,]O4 will be a constant of 61 pm
(= [76x + 64(1—3x) + 58(1 + 2x)1/2 [pm]). This would be
one of the reasons why Samples A and B indicated the iden-
tical peak positions despite different p—T7 curves [Figs. 1(a)
and 2]. Note that there is no report of excess Li at the antisite
in bulk samples prepared with conventional techniques. This
may be a problem inherent in our Li-rich films grown directly
by PLD under highly nonequilibrium conditions. Therefore,
the possibility of antisite Li should be ruled out in the follow-
ing results and discussions.

Having established the structural and transport properties
comparable to bulk single crystals, we investigated modu-
lation of the transport properties for the Lij;,V,04 films
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FIG. 3. (a) Schematic illustration of a LiV,04
|ILiClOy : PC|LiC0oO,/Al  electrochemical cell. (b) Cyclic

voltammogram measured at RT by sweeping voltage with 200
mV/s. (c) Temperature dependence of the resistivity for the as-grown
LiV,04 film (Sample C; dashed line) and Li-ion (de)intercalated
Li;;,V,0, films [Samples C-1 (-2 V), C-2 (-0.2 V), and C-3 (0
V); solid lines].

by Li-ion electrochemical reactions. Using a setup shown
in Fig. 3(a), in situ p—T measurements were performed,
which enabled us to study an electronic phase transition in
a single sample. Indeed, good cell performance was verified
from the cyclic voltammogram [Fig. 3(b)]. Symmetric and
sharp redox peaks suggested that the LiV,04 film was capa-
ble of reversible electrochemical doping through a reaction
of LiV,04 + xLi* + xe™ = Lij4, V204 [21]. Different from
antisite Li[Li,V,_,]O4 discussed above, Li-ion intercalated
Li;4+.[V2]O4 maintains the V-O network [20]. Even in the case
of thin films, it would be considered that there is no antisite
defect due to Li-ion intercalation. In the following experiment,
temperature and cell potential were strictly controlled so that
the electrodes were prevented from unintentional incorpo-
ration and/or removal of Li ions. First, Li-ion intercalation
reaction in the liquid electrolyte was performed at 300 K.
Then, the electrochemical cell was cooled to 230 K (a freezing
point of LiClO4:PC), while applying an open-circuit potential.
After completion of freezing, temperature was decreased to
1.9 K and then increased up to 230 K, while measuring p with-
out applying external potential. Finally, the cell was warmed
from 230 to 300 K, while applying an open-circuit potential.
The in situ p—T curves shown in Fig. 3(c) demonstrates the
reversible electrochemical doping for Sample C, which was
prepared under the condition same as that of Sample A. After
a potential of —2 V was applied, p increased by more than
an order of magnitude and the resultant p—T curve indicated
insulating behavior (C-1). After the reverse potential of —0.2
V was applied (C-2), however, p—T curve was located near a
crossover between metallic and insulating behaviors. In addi-
tion, the metallic state with the drop of p below ~20 K was
perfectly recovered by applying subsequent potential of 0 V
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FIG. 4. Electrochemically modulated properties of as-grown
LiV,04 (Sample A) and Li-ion intercalated Li;;,V,04 films [A-1
(=2 V), A-2 (—4 V), and A-3 (—4.5 V)]. (a) Out-of-plane XRD
profiles. Inset: w-scan rocking curve profiles of LiV,0,4 111 reflec-
tions. (b) The magnification around the Li;;,V,04 111 reflections.
The solid and dashed lines indicate peak positions of 111 reflections
for each sample. (¢) p—T curves of as-grown LiV,0, (Sample A)
and Li-ion intercalated Li;,, V,0; films (A-1 ~ 3). (d) The linear T
dependence of resistivity for Samples A-1 and A-2 below 2 K.

(C-3). This result indicates that the MIT is induced by Li-ion
electrochemical reactions.

In order to investigate correlation between structural and
electronic properties, we prepared a number of Lij;,V,04
films with different x. Using the setup shown in Fig. 3(a),
the films cut out from Sample A were electrochemically
doped under various potentials in air. Then, their ex situ prop-
erties were immediately characterized. Fig. 4(a) shows the
out-of-plane XRD profiles for Li-ion intercalated Li;;,V,04
films (Samples A-1, -2, and -3), prepared by applying differ-
ent negative potentials (—2, —4, and —4.5 V, respectively),
in a comparison with those for the pristine film. Neither
the formation of secondary phases nor the degradation of
crystallinity was observed. The w-scan rocking curve pro-
files were identical to each other [See inset of Fig. 4(a)].
These results suggest that the observed MIT was induced not
by disorder but by electron doping associated with Li-ion
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intercalation. Furthermore, systematic peak shift of the
LiV,04 111 reflection was observed as magnified in Fig. 4(b).
This inspection verifies the ideal topochemical reaction that
excess Li ions distribute homogeneously over the samples
while a host spinel lattice is maintained. According to the pre-
vious study for Li-ion intercalated polycrystalline Li;;,V, Oy,
there is positive correlation between the amount of excess Li
(x) and the lattice constant [30]. Taking this relationship into
account, x in Samples A-1, A-2, and A-3 were estimated to
be 0.4, 0.5, and 1.2, respectively. Further details about the x
dependence of lattice constant will be described later.

We noticed that peak shift between Samples A-2 (x ~ 0.5)
and A-3 (x ~ 1.2) was substantially large [Fig. 4(b)]. Actu-
ally, two phases have been observed in the XRD profile of
Samples A-4 (x ~ 0.8) measured several days after applying
-5 V (see Fig. S1 in the Supplemental Material [31]). Inter-
estingly, the peak position of one phase coincided with that of
Samples A-3. Another one was located at slightly lower angle
than Samples A-2, which corresponded to x ~ 0.6. Therefore,
two phases coexist in a region of 0.5 < x < 1.

Figure 4(c) shows the evolution of p—T curves induced
by systematic Li-ion intercalations. The p increased mono-
tonically with increasing x, while apparent curve shapes of
metallic samples remained intact. As for Sample A-3 withx ~
1.2, insulating behavior was observed and HF behavior was
no longer present. Taking this fact into account, the observed
two structural phases are inevitably associated with metallic
and insulating phases, respectively. The liner 7% dependence
of p was obtained below 2 K for Samples A-1 and A-2,
and A values were estimated to be 9.6 and 18 £ cm K2,
respectively [Fig. 4(d)]. Interestingly, Kondo-like upturns in
p appeared below 1 K and became much remarkable with
increasing x. This observation implies some insights for the
origin of HF state in LiV,04.

Let us discuss the observed MIT induced by electrochem-
ical Li-ion intercalation. The oxidation state of vanadium in
the initial LiV,0y4 is V33* (3d'?). As we described already,
the same amount of electrons as excess Li ions is introduced.
Thus, electron filling in Li ion intercalated Li;,V,04 films
is 3d'3+*/2_In this study, the system remains metallic up to
x ~ 0.5 (3d"73), while the electron filling approaching to x ~
1 (3d?) leads to insulating states. The spinel-type M>*V,0,
(M = Mg, Zn) with V3t (3d?) are Mott insulators, and they
are inferred to become metals at y ~ 0.6 in polycrystalline
Li;_yM,V,04 (3d'®) from temperature dependence of See-
beck coefficient [14,16]. It is also worth mentioning that
a Mott transition takes place around y = 0.2 (3d'®) in the
perovskite-type La;_,Sr, VO3 [32]. On the basis of the sim-
ilarity, the observed MIT in Li;;,V,04 can be regarded as
the Mott transition as approaching to 3d'® (x ~ 0.6). How-
ever, the critical filling parameter is not necessarily identical
between different compounds and this intriguing correspon-
dence needs further refinement. In addition to this issue,
our results of transport measurements provide insight for
HF behaviors in the vicinity of the Mott transition. Metallic
conductivity with HF behaviors was robust as the system
approaches to the metal-insulator phase boundary [Figs. 3(c)
and 4(c)], which is in contrast to temperature dependence
of resistivity seen for Sample B exhibiting metallic behavior
around RT yet large upturn at low temperatures (Fig. 2).
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FIG. 5. Relationships between variations of lattice spacing Ad);
and contents of A cations in Li; 4, V>0, [20,30], Li;_,Zn,V,04 [14],
and Li,_,Mg V,0, [16]. The formal number of 3d electrons in
vanadium is indicated at the top abscissa. Lij_,M,V,04 (M = Zn,
Mg) systems are insulating in a region of y > 0.6 (d'®) (see text).
The variation of Ad,;; for the Li-ion intercalated films are shown by
dashed lines.

The electrochemical Li-ion intercalation is a disparate ap-
proach enabling electron doping without introducing disorder
[Fig. 4(a)]. This means that the adjustment of Li content by us-
ing PLD alone cannot prevent the formation of antisite defects
(i.e., Li[Li,V,_,]04). Therefore, robust HF behaviors reflect
the unique properties of Li;,[V,]O4, which have been so far
hidden by the lack of sample quality (e.g., grain boundaries).
As we already mentioned, the previous study for Li-ion
intercalated polycrystalline Lij;,V,04 (—0.3 < x < 1) re-
vealed positive correlation between x and the lattice constant
[30]. As seen in Fig. 4(b), systematic lattice expansion was
also observed in Sample A. Figure 5 shows a comparison
on the variation of lattice spacing Ad;;; as a function of
the formal number of 3d electrons between bulks and our
samples. We estimated x in Samples A-1 and A-2 to be 0.4 and
0.5, respectively, from the coincidence of Adj;; with those
of polycrystalline Lij;,V,04. As for Sample A-3, the bulk
dependence was extrapolated linearly to estimate x ~ 1.2. We
note that electrochemical Li-ion intercalation has led x to be
as large as 1.5, although no structural data is available [21].
The substitutional doping studies for Li;_,M,V,04 (M =
Zn, Mg) systems provide us important information about the
role of lattice expansions in electron-doping driven MITs. The
Ad) of these systems reaches ~1.3% at the metal-insulator
phase boundary [y ~ 0.6 (d'®)]. As for Li;;,V,04, Adiy;
was only ~0.3% at x ~ 0.6 (d 18) " Therefore, the electro-
chemical Li-ion intercalation allows more effective electron
doping with suppressing the structural disorder and/or strain.
Systematic evolutions in HF behaviors and structural tran-
sitions are summarized in Fig. 6, where coefficient A and p
at 2 K (pyx) are plotted against the amount of excess Li (x).
With increasing x, (i.e., number of 3d electrons in vanadium),
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for Li;;, V,0, films and number of d electrons in vanadium. Dashed
lines are guides to the eye.

both quantities increase monotonically. Although an abrupt
increase in A in the vicinity of the Mott transition is gen-
erally found [33], successive enhancement of A realized in
Li;4,V,04 implies exceptionally strong correlation. In fact, A
reached 18 1 cm K2, almost an order of magnitude larger
than that of bulk.

Our study sheds light on the origin of HF state in LiV, 0Oy,
which has been ascribed to mixed-valent V3% and/or geomet-
rical spin frustration. According to the previous study, LiV,04
readily becomes a charge-ordered insulator below 20 K under
moderate pressure of ~6.6 GPa [11]. Conversely, it is believed
that the mixed-valent V3+ state should play an important role
in the formation of HF metallic state. Figure 6 demonstrates
that such a condition is not necessarily specific to HF behav-
iors. We believe that geometrical spin frustration in triangular
lattice is rather essential to HF behaviors in Lij,V;0y, as is
often suggested in the previous studies [4,6,10]. In addition,
the mechanism of insulating behavior observed in this study

is considered to be different from that of the pressure-induced
one because of the opposite lattice deformation.

Apart from the fundamental point of view, our findings
provide an interesting possibility. Thanks to mature tech-
nology for metal-oxide epitaxy, the fabrication of multilayer
structures based on LiV,04 will not be a big challenge. In
particular, such efforts are meaningful as artificial superlat-
tices with the HF system of Celns;/Lalns have been recently
demonstrated [34]. The extended study will harvest not only
deep understanding of HF behaviors in LiV,0y4, but also a
novel opportunity to explore exotic properties of HF systems,
for example, strongly coupled superconductivity in the two-
dimensional HF system [35].

IV. SUMMARY

In summary, we have investigated the epitaxial growth of
spinel-type LiV,0, films by PLD method and the effect of
excess electrons on the transport properties of electrochem-
ically Li-ion intercalated Li;;,V,0;4 films. After optimizing
the growth condition, high-quality LiV,04 epitaxial films
exhibiting clear HF metallic behaviors were obtained. An
electrochemical cell was implemented for the ideal Li-ion
intercalation reactions. The increase in excess electrons in
Li;4, V204 led to the enhancement of the HF behavior. These
results demonstrate exceptionally strong electron correlation
in Li; 1, V,0y in the vicinity of the Mott transition.
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