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The specific heat measurements on the geometrically frustrated magnets ZnV204 and ZnCr204
were carried out. In both compounds, the strong influence of geometric frustration is clearly seen
from the large size of residual entropy for the temperature much lower than the corresponding
Weiss temperature. Comparing with the result of the chromate which has no orbital degree of
freedom, we claim that in ZnV,O4 the spin degree of freedom dominates the observed residual
entropy. The systematic study of specific heat on the series Li.Zn;_- V204 enables us to identify
the dominating role of frustration with the observed, different phases from the Zn end frustrated
magnet to the heavy-mass Fermi liquid LiV2Oj4.
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Introduction

§1.

Along with the perovskites, the spinel structure is one
of the most frequently encountered crystal systems in
materials science.!) Many spinel oxides have been known
to manifest interesting physical properties. For example,
among many ferrites, magnetite (Fe3O4) in particular
has drawn so much attention by its still-unsolved prob-
lem of Verwey transition.?) While almost all spinel oxides
are insulating, only LiTi;04% and LiV,04% are known
to be metallic to low temperatures 7. The metallicity of
these two compounds can be understood by two reasons:
first, the Ti or V cation has only one crystallographically
equivalent site; second, the formal oxidation state of Ti
or V is non-integral (3.5+/Ti or V).

With the difference of only one electron per transi-
tion metal cation (i.e. d°5/Ti vs. d'%/V), the ob-
served physics of LiTi;O4 and LiV,04 especially at low
T is distinctly different. LiTi»O4 is a BCS supercon-
ductor with the transition temperature 7, = 13.7K and
is a simple Pauli paramagnet for T > T.. In contrast,
LiV,04 exhibits local magnetic moment behavior but
without a long range magnetic ordering to 20mK.5-7)
LiV,04 was studied by several groups more than a
decade ago.®) However, recently it regains wide atten-
tion in physics community. This is because LiV,O4 was
reported to be the first heavy-fermion (HF) transition-
metal oxide.?) The observed electronic specific coefficient
v = 420 mJ /mol K2 is unprecedentedly large as a transi-
tion metal compound and exceeds the previous largest
values of (Y, Sc)Mn,.?) Using single crystals of LiV2Oy,
we have recently reported the first transport results at
low T. We confirmed the Fermi liquid behavior with
heavy quasiparticle mass by observing below =~ 2K the
T? dependence of electronic resistivity p(T') with a large
coefficient of the T? term, A.10:11)
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In the spinel structure, antiferromagnetically-coupled
spins are under geometric frustration.!? Our naive ex-
pectation is then that the heavy mass observed in
LiV,04 might have an intimate connection with the
frustration. Before pursuing the Fermi liquid LiV,Oy4
further, we focus on its parent insulating compound
ZnV,0y4, and examine the effect of frustration through
specific heat C(T') measurements. However, there is a
subtlety on our attempt; the orbital degree of freedom
might make additional contribution to the observed en-
tropy of ZnV204 (owing to 2 electrons/V in tyg orbitals
under the nearly cubic local field). Thus, in order to ex-
perimentally distinguish the roles of spin and orbital in
ZnV20y4, the other Mott insulator ZnCr204 is utilized
as a reference material. The chromate has no orbital
degree of freedom left with three electrons in the ¢z or-
bitals. Furthermore, the substitution of Zn in the parent
compound with Li makes it possible to carry out the sys-
tematic specific heat measurements on the whole series,
and to study how the influence of geometric frustration,
seen at the Zn-end parent compound, is evolved toward
the Li end.

§2.

Review of experimental results on single
crystal LiV,0,4

In this first section, the experimental review of the
heavy-mass Fermi liquid LiV,Oy4 is given through our
results on hydrothermally-grown single crystals. All
the physical properties we measured are summarized in
Fig. 1. Both C(T) and magnetic susceptibility x(T')
measurements reproduce polycrystalline results.%13:14)
C(T)/T exhibits the strong T' dependence below about
30K. The T = 0 intercept yields an enormously large
value of v = 350mJ/mol K2 (Ref. [15]), which is slightly
smaller than the polycrystalline value. In the T range
100-300K x(T) follows the Curie-Weiss (CW) law'®
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with the Curie constant corresponding to S = 1/2 per
V and the antiferromagnetic (AF) Weiss temperature of
0 = 37K. x(T) begins to deviate from the CW depen-
dence at about 30K and becomes nearly T' independent
at lower T with a broad peak at ~ 16K. Spin glass
behavior was not found in zero-field-cooled (ZFC) and
field-cooled (FC) magnetization measurements under low
magnetic fields H. The Wilson ratio Rw of 1.8 is ob-
tained, which is reasonable as a strongly correlated Fermi
liquid.
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Fig. 1. Summary of various measurement results on LiV2Oy4:
(from top) resistivity p(T'), specific heat C(T') divided by T, mag-
netic susceptibility x(T"), Hall coefficient Ry(T'), linear thermal
expansion coefficient a(T") divided by T' (data from Ref. [14])
and spin-lattice relaxation rate 1/77 of 7Li NMR (data from
Ref. [7]). Solid circles are single crystal data, while dia-
monds are polycrystalline results. Note that there is a charac-
teristic temperature ~ 30 K from all the measurements.

p(T) of single crystals monotonically decreases as T' is
lowered. This metallic 7' dependence is in marked con-
trast to the insulating behavior of polycrystalline sam-
ples. Below ~ 30K p(T') decreases more rapidly. More
importantly, for the first time we reported the T2 de-
pendence of p(T) at low T' < 2K.1%11) This is a charac-
teristic T' dependence of Fermi liquid and can be readily
identified in Fig. 2. In addition, the coefficient of the
T? term in p(T), A = 2.2 uQ cm/K?, is extremely large,

so that with the large 7y, LiV204 roughly satisfies the
Kadowaki-Woods relation'”) like many other strongly
correlated compounds including conventional HF sys-
tems. The Hall coefficient Ry (7T'), measured on a single
crystal under H = 1.4T, starts to display a pronounced
T dependence below ~ 30K. Ry(T) is nearly T inde-
pendent in the higher T region. On decreasing T', Ru(T)
switches the sign from negative to positive at ~ 40K and
shows a peak around 10 K.
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Fig. 2. Low T resistivity p(T') of single crystal LiV2Oy4, plotted
against T'2.

From these results shown in Fig. 1, we concluded that
there is a characteristic temperature T* of ~ 30K, be-
low which a Fermi liquid with the extremely heavy mass
starts to form. The low-T behaviors of this 3d system
are phenomenologically very similar to conventional f
electron HF' systems.

§3. ZnV,;04, the parent compound of LiV,04:
roles of spin and orbital degrees of freedom

In this section, we study the parent compound of
LiV204, the S = 1 Mott insulator ZnV,0y4, anticipat-
ing to observe some symptom of the anomalies seen in
LiV504.

3.1 Review of previous studies

The effect of strong geometric frustration in ZnV,04
may be inferred from the past work that the AF order-
ing temperature Ty ~ 40 K!%19 is much lower than the
Weiss temperature = 420 K.2°) At room temperature,
ZnV,04 has the cubic spinel structure, and transforms
into the tetragonal phase (I4; /amd)?!) at the structural
phase transition temperature Ty = 50 K. The AF long-
range ordering at 40K is, therefore, taken place under
the tetragonal overall symmetry. In the tetragonal phase
(c/a < 1)'® the VOg octahedron shrinks along c axis
and is broadened in ab plane.?!) Under such circum-
stance, the ¢5; orbitals split themselves into the singlet
d., at lower energy and the doublet d,, and d,. at higher
energy by Jahn-Teller effect, as considered in Ref. [22].
Having one of the 2 electrons/V in the original ¢ or-
bitals into the singlet d,, in the tetragonal phase, the
exchange interactions among the V cations along (110)
directions are enhanced.??) Consequently, geometric frus-
tration is weakened, leading the spin to order. This ex-
plains the simple quasi-1-dimensional magnetic structure
along (110) directions found in neutron scattering exper-
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iments.1®)

The reference compound ZnCr;Q4 is an ideal system
to study the spin without being hindered by the other
degrees of freedom. Like ZnV2Q4, the chromate dis-
plays both AF and structural phase transitions. How-
ever, unlike the vanadate, these two transitions occur
at the same temperature, i.e. Ty = Ty ~ 10K.23-25
Note that strong frustration can be seen from the small
ratio of T /6 when 6 = 350K (Ref. [24]) is used. Jahn-
Teller effect cannot be responsible for the structural tran-
sition in the chromate. Rather, it is considered that
frustrated spins win the competition against the lattice
rigidity, achieving lowering of the total energy.?®) The
resultant magnetic structure in the ordered state (where
¢/a < 1)®® is non-collinear,?®2”) much different from
that of ZIIV204.

3.2 Specific heat measurement results and discussion

From our specific heat measurement results on
ZnV;04 as well as ZnCr,O4 we find the further evi-
dence for the strong influence of geometric frustration.
C(T) of polycrystalline ZnV,04 and ZnCr,O4 samples
prepared by ordinary solid-state technique was measured
in an adiabatic calorimeter. After the subtraction of lat-
tice contribution,?®) the remaining “electronic” specific
heat is plotted as a Cei(T)/T vs. T in Figs. 3 and 4.
By integrating the area under the C¢(T")/T curve, the
electronic entropy Se(7T') is calculated to the respective
lowest temperatures.
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Fig. 3. (a) Electronic specific heat C¢(T') divided by T and (b)
calculated electronic entropy Sej(T") of ZnV204. The entire peak
of C.1(T)/T at 50K is too large to be included in the plot. The
values of S.(T") are computed with respect to that at 1.6 K.

Ca(T)/T of ZnV,04 shows a diverging peak (to out
of the plot) at Ty, which in turn exhibits the sudden
entropy drop. We can readily identify large entropy re-
maining for Ty < T < 6. For instance, approximately
a half of the total spin entropy Sspin = 2Rlog3 can be
found at T ~ 60K (which corresponds to T/ = 0.14).
This gradual release of Se(7T") with decreasing T is a
characteristic of frustrated spin systems. However, this

vanadate would perhaps have the degenerate orbital de-
gree of freedom. The way the orbital contributes to the
observed large entropy is not clear without referencing
to the result of the orbitally nondegenerate ZnCrOy4.
Ca(T)/T and Se(T) of ZnCryO4 are given in Figs. 4.
This result should purely reflect the influence of the spin
degree of freedom only. We found the peak in Cei(T)/T
at 13K, and the corresponding S (T') is large and only
gradually decreasing above Ty with decreasing T'. From
Fig. 4(b) we can readily identify, like the vanadate, about
a half of the total spin entropy Sepin = 2Rlog4 at the
same T range (~ 60K, which is 7/6 = 0.17).2%) This
behavior is entirely due to geometric frustration.
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Fig. 4. (a) Electronic specific heat C¢(T') divided by T' and (b)
calculated electronic entropy Se;(T") of ZnCr204. The values of
Se1(T) are calculated with respect to that at 2.3K.

By analogy to the ZnCr,Oy4 case, we can conclude that
the majority of the large remaining entropy of ZnV304
is associated with the spin degree of freedom under geo-
metric frustration.

§4. From the frustrated antiferromagnet to the
heavy-mass Fermi liquid

We have seen that geometric frustration is found
highly influential in the insulating V and Cr spinels. By
substituting Zn in the Mott insulator ZnV,04 with Li,
it is possible to investigate how differently the strong
frustration coordinates the system along with the intro-
duction of doped carriers. In this section, the C(T)/T
results on the solid solution series LiyZn; V204 (on
polycrystalline samples) are discussed. They are shown
in Figs. 5, along with the phase diagram.

For z = 0.05, there are still two transitions occur-
ring at two different temperatures like ZnV;04 (z = 0).
However, as only this little amount of Li is doped, the
concurrent suppression of the two transitions is seen, in-
dicative of correlations between spin and lattice.

With more Li doping as z = 0.3, 0.7-0.9, the structure
no longer undergoes a structural phase transition. This
causes the large spin degree of freedom to survive to low
T, but along with structural disorder the spin system is
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Fig. 5. (a) Magnetic and structural phase diagram of
LizZn;_.V204: solid circles, open triangles and solid diamonds
represent structural, antiferromagnetic and spin glass phase
transition temperatures, respectively. For z = 0, 0.05, 0.3, 0.7-1,
the symbols are placed according to our susceptibility measure-
ment results.!l) The same diagram was reported by the other
group.'®) (b) Specific heat C(T') divided by T', and (c) calcu-
lated electronic entropy Se;(T") are plotted as functions of T'.

now frozen below spin glass temperature Tsg in this wide
composition range. Hysteretic behaviors were observed
between ZFC and FC magnetizations below Tsg. The
T dependence of C(T') in spin glass with geometric frus-
tration differs from that of canonical spin glass where
frustration is caused by random exchange interactions.
C(T)/T of the latter system is independent of T' below
~ Tsg-3?) Meanwhile, the linear relation C(T)/T « T
is observed below Tsg for the present spin glass system
where geometric frustration prevails. The same T de-
pendence was also seen in other geometrically frustrated
spin glass.3!) Tsg decreases progressively as z increases.
At the same time, the peak height of C(T)/T at Tsg
becomes larger. The behavior of the electronic entropy
Se1(T') appears very similar to each other among all the
spin glass compositions. They all share the large size of
Sei(T) above Tsg; for example, roughly 70 % of 2R log 2
is present at 50 K. With lowering T from above Tsg,
Se1(T) is only slowly released, and when the spin sys-
tem is frozen below Tsg, Sei(T) starts to decrease more
rapidly.

As approaching the end z = 1, Tsg goes down. At
z = 1 where there is no disorder, the spin glass phase
completely disappears. LiV20y4 also retains large S, (T')
at high T', comparable to those of the spin glass compo-
sitions near z = 1. In addition, the T' dependence of the
releasing entropy is quite similar, i.e. gradual. However,

unlike the spin glass phase, which releases the residual
entropy more rapidly for T' < Tsg by quenching spins,
the gradual release of S¢(T") for LiV,Oy4 further contin-
ues to T = 0. Consequently the persisting geometric
frustration ends with the large v for LiV,04 at T = 0.

§5. Concluding remark

Throughout this paper, we have seen the dominating
influence of the frustrated spin degree of freedom, as-
cribed to the geometric reason of the spinel structure.
It turned out that frustration demonstrates different be-
haviors at low T in the series (Li, Zn)V,04: AF order at
the Zn end, spin glass in the intermediate region. For the
Li end, from the continuous change of the observed ther-
mal and magnetic behaviors, it is likely that geometric
frustration plays a certain role to create the heavy quasi-
particle mass.

Concerning the mechanism of heavy mass in LiV;0y,
there are attempts to view the system as a dense Kondo
system.32:33) Among them, Anisimov et al. pay a par-
ticular attention to the small but finite trigonal distor-
tion of VOg octahedra.3®? Their LDA+U calculations
indicate that the trigonal distortion leads to a splitting
of the t; bands to the nondegenerate “localized” A;g
and doubly degenerate “itinerant” Eg; bands. In this
way LiV;04 mimics dense-Kondo HF systems. In these
studies, geometric frustration is not taken into account
explicitly. It is hard to believe that the close proximity
to the spin glass phase, where the vital role of frustra-
tion is evident, is accidental. Even if the Kondo physics
is essential to the formation of heavy mass, geometric
frustration should be invoked in the unified picture of
ongoing physics.
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