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Magnetic fluctuations and possible formation of a spin-singlet cluster under pressure in the
heavy-fermion spinel LiV,0,4 probed by "Li and 'V NMR
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"Li and >'V NMR measurements up to 9.8 GPa have been made to elucidate local magnetic properties of a
heavy-fermion spinel oxide LiV,0,4 which undergoes a metal-insulator transition above ~7 GPa. The temperature
T and pressure P dependences of the "Li and °'V Knight shifts and the nuclear spin-lattice relaxation rates 1/ T
show that in the metallic phase, there is a crossover from a high-7 region with weak ferromagnetic fluctuations
to a low-T one with antiferromagnetic (AFM) fluctuations. The AFM fluctuations are enhanced below 20 K and
1.5 GPa, where a heavy Fermi-liquid state with the modified Korringa relation is formed. The evolution of the
magnetic fluctuations is discussed from the aspect of the competition among several magnetic interactions. Above
Pyt ~ 6.7 GPa, we find the coexistence of metallic and insulating phases due to the first-order metal-insulator
transition. The 7Li and 3'V NMR spectra coming from the insulating phase have T-independent small Knight
shifts and 7(1/7}) with the thermally activated T dependence, indicating the formation of a spin-singlet cluster.
We propose a model of a spin-singlet tetramer as discussed in geometrically frustrated materials.
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I. INTRODUCTION

Heavy Fermi liquid (HFL) is one of the most attractive
phenomena in strongly correlated electron systems, since it
is related to rich physics such as the Kondo effect, quantum
criticality, or unconventional superconductivity in f electron
systems [1-3]. In d electron systems, the HFL behavior
appears in several materials with geometrically frustrated
lattices [4—10]. Among them, a typical example is LiV,04
with the spinel structure, where V ions form the frustrated
pyrochlore lattice [11-17]. This d electron system is expected
to have an anomalous HFL mechanism different from the
Kondo effect that is well established in the f electron systems.

LiV,04 with a formal valence of V3% (3d'?) behaves
as a Fermi liquid (FL) having a large electronic specific-
heat coefficient y ~ 420 mJ/mol K? below 10 K [11]. The
crossover from a high-temperature incoherent metal to a
low-temperature FL was observed at ~20 K by several probes
such as resistivity [11,16], photoemission spectroscopy [18],
and optical conductivity [19] measurements. Below the
crossover temperature, an enhancement of antiferromagnetic
(AFM) fluctuations was probed by nuclear magnetic resonance
(NMR) [13,20-22] and inelastic neutron-scattering measure-
ments [23-25]. There is no magnetic order down to 20 mK
due to the magnetic frustration [11]. These experimental facts
lead us to expect that the magnetic properties may be closely
related to the HFL behavior, as discussed in theoretical studies
based on the frustration effect [26-29].

The local electronic state of LiV,04 has been discussed
intensively to elucidate the mechanism of the HFL behavior.
Implementations of the density functional theory in the local
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density approximation reveal that the ,, orbital is split into
degenerate e;, and nondegenerate a;, ones due to the local
trigonal distortion, whereas the splitting is not large enough
to separate these two bands [30-34]. Based on the band
structure calculation, Anisimov et al. propose that the a;, and
e; bands have localized and itinerant characters, respectively,
with different bandwidths, leading to the HFL behavior due
to the Kondo effect [30]. Such a multiorbital effect can also
cause the strong Hund coupling [35], interorbital Coulomb
interaction [36], unconventional orbital fluctuations [37-39],
or orbital selective Mott transition [40]. Furthermore, it
is discussed that the geometrical spin frustrations [26-29],
strong electron correlations [18,19], or one-dimensional spin
fluctuation may also be related to the HFL behavior [41,42].
However, the mechanism of the HFL behavior remains unclear
in spite of many experimental and theoretical studies.

Studies on pressure P effects can provide a root to reveal
the peculiar feature associated with the HFL of LiV,0q.
From the 7Li nuclear spin-lattice relaxation rate ’(1/7))
measurement under pressure up to 4.7 GPa, it was proposed
that the AFM fluctuations increase with increasing P and
there is a quantum critical point (QCP) somewhere above
4.7 GPa [43,44]. Theoretical studies of 7(1 /T1) based on the
self-consistent renormalization (SCR) theory well reproduced
the AFM fluctuations [45]. However, the presence of QCP
has not been confirmed experimentally and the magnetic
properties under pressure have not been well elucidated.
Also electrical resistivity measurements under high pressure
recently revealed that a metal-insulator transition (MIT) takes
place above ~7 GPa [46]. Subsequently, optical conductivity
measurements up to 20 GPa with a diamond-anvil cell clarified
that the metallic phase coexists with the insulating one above
~6 GPa [47]. Furthermore, x-ray diffraction and extended
x-ray absorption fine-structure (EXAFS) measurements ob-
served a crystal structure change at the MIT, although the
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structure of the insulating phase has not been obtained [48-50].
An experimental study using a local probe such as NMR is
useful for revealing magnetic and electronic properties of the
insulating phase related to the MIT mechanism. However, no
high-pressure NMR measurement on LiV,04 above ~5 GPa
has been performed because of the technical difficulty of the
accessibility of high pressures [51-53].

In this study, we have conducted 7Li and 'V NMR
measurements on a powder sample up to 9.8 GPa to inves-
tigate local magnetic properties of LiV,04. We present the
temperature T and P dependences of the "Li and °'V Knight
shifts,’ K and 3! K, and the nuclear spin-lattice relaxation rates,
7(1/Ty) and >'(1/Ty). Based on the experimental results, we
find that a crossover takes place from the FL state with the AFM
fluctuations to the less correlated metal where the magnetic
fluctuations are suppressed with increasing P. Above Py ~
6.7 GPa, i.e., the critical pressure where the MIT occurs at zero
temperature, we observe the ’Li and 'V NMR spectra coming
from both the metallic and insulating phases due to their co-
existence. The latter spectra with T -independent small Knight
shifts and the thermally activated 7(1/7;) show the presence
of a nonmagnetic V site. We propose a spin-singlet tetramer
model as the magnetic ground state in the insulating phase.

II. EXPERIMENTAL PROCEDURE

A powdered sample of LiV,04 used in this study was
prepared as described in Ref. [14]. "Li and 'V NMR mea-
surements were performed utilizing a coherent pulsed spec-
trometer and a superconducting magnet with a constant field
H = 6.105 T. Fourier-transformed (FT) NMR spectra for spin-
echo signals were measured. The "Li and 3'V Knight shifts
were determined as “K = (vies — vy)/vy (=7 and 51)
where vies and v} (=101.023 MHz for "Li and 68.333 MHz for
31V) are "Li and °' V resonance frequencies in LiV,04 and the
aqueous LiCl, and NaVOs; solution, respectively. The nuclear
spin-lattice relaxation rates were measured by the saturation
recovery method. The 7Li and 3! V nuclear magnetizations
after saturation pulses recovered single exponentially with
Ty. S /T1) could not be measured below ~20 K, since
we could not saturate the 'V nuclear magnetization for
the initial condition [13,20]. We used an opposed-anvil-type
high-pressure cell, developed by Kitagawa et al. [53], with
glycerol as a pressure medium. Pressure was monitored by
measuring the ®*Cu nuclear quadrupole resonance frequency
of a powdered Cu,0 at 300 K [53-55].

III. RESULTS AND ANALYSIS

A. Metallic phase

We first present 'Li NMR results in the metallic phase
of LiV,04. Figure 1 shows the T dependences of the 7Li
NMR spectra, normalized by the intensity of its maximum
peak. At ambient pressure, the single-peak spectrum shifts
to a higher frequency and broadens upon cooling down to
~20 K, as seen in Fig. 1(a). The linewidth depends on
the impurity concentration [13], and the full width at half
maximum (FWHM) of 0.11 MHz below ~20 K corresponds
to the ~0.3 mol% impurity concentration which is quite small
to affect the P effects on 'K and 7(1/7,T). With increasing
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FIG. 1. Temperature dependences of the 7Li NMR spectra in a
magnetic field of H = 6.105 T at (a) ambient pressure, (b) 4.2, and
(¢) 9.8 GPain LiV,0,. The spin-echo amplitude is normalized against
the spectrum peak.

P up to 4.2 GPa, the spectrum exhibits a shift toward a higher
frequency as seen in Fig. 1(b). Further application of P above
Py induces another spectrum around 7K ~ 0, as seen in
Fig. 1(c) where it appears below 260 K at 9.8 GPa.

In Fig. 2(a), we summarize the T dependences of 'K at var-
ious pressures up to 9.8 GPa. Here, ’ K monitors magnetic sus-
ceptibility y of LiV,0y via a transferred hyperfine interaction.
At ambient pressure, 7K increases with decreasing T down to
~30 K and shows a broad peak around 20 K, as reported in
previous studies [13,20-22]. The peak further broadens up to
~1.5 GPa, coinciding with the enhancement of 7K below 20
K. Above 1.5 GPa, the peak disappears and ’ K monotonically
increases down to2 K. 7K turns to be suppressed slightly above
~7.8 GPa. Figure 2(b) shows the T dependences of ’(1/T,T)
in the metallic phase up to 9.8 GPa. At ambient pressure,
7(1/T,T) increases with decreasing 7 down to ~10 K, and
then reaches a constant value of ~2.5 s~! K~!, consistent with
the previous results where 7(1/ T, T) depends on the impurity
concentration [13]. The concentration in the present sample is
estimated as ~0.3 mol%. In contrastto 'K, (1/ T, T) is almost
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FIG. 2. (Color online) Temperature dependences of (a) 'K and
(b) 7(1/ T, T) at various pressures up to 9.8 GPa in LiV,0y.
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FIG. 3. Temperature dependences of the 'V NMR spectra in a
magnetic field of H = 6.105 T at (a) ambient pressure, (b) 4.5 GPa,
and (c) 9.8 GPa in LiV,0,. The spin-echo amplitude is normalized
against the maximum peak. The 3Cu NMR spectrum comes from an
NMR coil.

P independent below 1.5 GPa and increases in the P range of
1.5-5.7 GPa, but it becomes suppressed above 5.7 GPa.

Figure 3 shows the T dependences of the 'V NMR
spectra at ambient pressure, 4.2 GPa, and 9.8 GPa. The
spectrum, which exhibits a negative Knight shift due to
the core polarization effect, shifts toward a lower frequency
with decreasing T at ambient pressure. It moves to a higher
frequency with increasing P and another 'V NMR spectrum
appears near >' K = 0 at a low temperature below Ty, as seen
in Fig. 3(c) where it appears below ~200 K at 9.8 GPa. >' K
shows the T dependence similar to that of ’ K at each pressure,
as seen in Fig. 4(a). However, it should be noted that the
absolute value of >! K is suppressed by P, inconsistent with " K .
Figure 4(b) shows the 7 dependences of 3'(1/7,T) at various
pressures up to 9.8 GPa. Similarto 7(1/7,T),' (1/ T, T) in the
observed P range monotonically increases with cooling down
to 20 K, whereas it decreases with increasing P.

The P dependence of >'K [°'(1/T;T)] is different from
that of 7K [(1/T,T)] as mentioned above. This is ascribed
to the difference in the P dependence of the 3'V hyperfine
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FIG. 4. (Color online) Temperature dependences of (a) ' K and
(b) 3'(1/T,T) at various pressures up to 9.8 GPa in LiV,0,.
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FIG. 5. (Color online) Pressure dependence of the "Li transferred
hyperfine coupling constant ’A in LiV,0y.

and the "Li transferred hyperfine coupling constants, >' A and
A, respectively. The "Li nucleus has the isotropic transferred
hyperfine interaction from the neighboring 12 V ions, leading
to’K =12 x "Ax /N up with the Abogadro’s number N and
the Bohr magneton g, while the 'V nucleus interacts with
the on-site 3d electrons via the hyperfine interaction. Then,
7 A is considered to become larger with increasing P because
the V-O-Li bond length and the bond angle in the transferred
path are sensitive to P, whereas SLA is less sensitive to P.
Assuming the P-independent 3! A (=—81 kOe/j1p at ambient
pressure [20]), we can evaluate the P dependence of ’ A from
a relation A = "K3'A /(12 x 3'K) as shown in Fig. 5. This
P dependence of 7 A also reasonably explains the difference
between ’(1/T,T) and 3'(1/ T, T).

Next we extract the spin parts of K and 1/7;T from
the experimental results to study spin susceptibility. 'K
is generally expressed as 'K = 31 K 3y (T) + ' K or1,, Where
M Kepin and 'K are the T-dependent spin and the
T-independent Van Vleck orbital terms, respectively, and a
small diamagnetic shift is ignored, whereas there is no orbital
contribution to 7 K. We obtain 7' Ky, from the >' K versus 7K
plots where the intercept of the fitted line provides a >' Koy,
value, as shown in Fig. 6(a). 31K o reduces from 0.47 £ 0.08%
atambient pressure to 0.21 £ 0.08% at 9.8 GPa with increasing
P. In Fig. 6(b), the T dependence of >' Ky, is displayed
after subtracting 'Ky, from 'K. Similar to the Knight
shift, >!(1/ T, T) is composed of the spin and orbital terms as
S1/TT) = 51(1/T1T)Spin +5Y(1/TT)yp- The orbital term
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FIG. 6. (Color online) (a) Pressure dependence of the >'V orbital
Knight shift 3! K, in LiV,0,. (b) Temperature dependences of the
31V Knight shift due to spin susceptibility ' K. spin At various pressures.
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FIG. 7. (Color online) Contour plot of pressure and temperature
dependences of *'(1/ T\ T K )spin in LiV,0,. Inset: The temperature
dependences of 1/ TK )spin at several pressures. The dashed curve
represents the pressure dependence of the onset temperature 7, at
which the absolute value of the T derivative of >'(1/ T, T K )qpin starts
to increase with decreasing T'.

can be obtained from the >'(1/T,T) versus (1/T,T) plots
where 7(1/T,T) is governed by the spin fluctuation, namely,
/T ="(1/T, T)gpin- We found almost P-independent
S/ Ty T)om (=25 £ 5 571 K~! obtained at ambient pressure)
much less than >'(1/ T} T)spin, as seen in Fig. 4(b).

Based on the above results, we can obtain information on the
T and P dependences of static spin susceptibility yx (0,0) from
the Knight shifts and dynamical spin susceptibility yx(q,®)
from 1/T,T. At ambient pressure, 'K and 'K saturate
at low temperatures below 20 K, whereas ’(1/T\T) and
SI(1/T\T) increase with decreasing T. This shows that the
AFM fluctuations develop at low temperatures, as discussed in
our previous study [20], consistent with the development of the

inelastic peak at the wave numberg ~ 0.6 A~ observed below
40 K in the neutron-scattering experiments [23-25]. Below
6 K, both ’K and "(1/T,T) become almost T independent
as expected in the FL, although 7(1/T;T) slightly increases
towards 2 K due to the impurity effect [13]. With applying
P, the T-independent behavior of 'K, >'K, and "(1/T,T)
rapidly disappears around ~1.5 GPa. Furthermore, >' K and
S1(1/T,T) reduce with increasing P above ~1.5 GPa, showing
the suppression of both x(0,0) and x(q,w).

To illustrate these characteristic behaviors of the magnetic
fluctuations in the P-T phase diagram, we present two contour
plots comparing x(0,0) with x(q,w). One is Fig. 7, which
shows the 7 and P dependences of *!(1/T}T K )spin monitor-
ing the magnetic fluctuations via a relation >'(1/ 71T K )spin
Zq Imy, (q,wq)/ x(0,0), with x, (q,w) the transverse compo-
nent of x(q,w) and the NMR frequency w, [56]. This plot
is useful for revealing the ratio of the g # 0 component to
the uniform one in the magnetic fluctuations. The almost
T-independent behavior of >'(1/7;T K)sin above ~200 K
indicates the dominant ferromagnetic (FM) fluctuations. We
can also see that the fraction of the ¢ # 0 component gradually
increases with decreasing 7 and is more enhanced below a
temperature T, (~70 K at ambient pressure) which gradually
decreases with increasing P, as seen in Fig. 7. Here the dashed
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FIG. 8. (Color online) Contour plot of pressure and temperature
dependences of 7(S/T,T K?), where S = 4” - re )2 inLiV,0,. Inset:

The temperature dependences of ’(S/ T, T K 2) at several pressures. On
the dashed curve, /(S/ T\ TK?) = 1.

curve in Fig. 7 represents the P dependence of the onset
temperature T, at which the absolute value of the T derivative
of 1(1/T\TK )spin Starts to increase with decreasing 7. Thus
the magnetic fluctuations show a crossover from the high-T
ferromagnetic (FM) to low-T AFM fluctuations. To clarify the
character of the magnetic fluctuations below ~20 K, the 7Li
data are valuable, but the P effect on 7A prevents us from
obtaining the P dependence of the magnetic fluctuations from
7(1/T,TK). For removing this P effect, we present another
plot in Fig. 8, which shows the 7 and P dependences of
7(S/T,TK?) where S is a normalization factor expressed as

= %(%)2 with the Planck’s constant 2, the Boltzman factor
kg, and the nuclear (electron) gyromagnetic ratio y; (y.). Here
S is introduced to discuss the Korringa parameter K () in
Sec.IV A.7(S/T,T K?) can monitor the magnetic fluctuations
via a relation 7(1/TiTK?) o< Y, F(@)Imy(q,ws)/x(0,0)*
with a form factor of the transferred hyperfine interaction
F(q) [57]. In this plot, the P effect on 7A is removed. As
seen in Fig. 8, there is a region where 7(S/T; T K?) is strongly
enhanced inside the dotted curve on which 7(S/T\TK?) = 1.
Outside this region, ’(S/ T, T K?) reduces with increasing P at
low temperatures, corresponding to the suppression of x(0,0)
and x(q,w). Also, below 70 K, 7(S/T;T K?) turns to increase
with decreasing 7', consistent with the enhancement of the
q # 0 component mentioned above.

B. Insulating phase

Above Py, we observed the ’Li and 'V NMR spectra with
the small ’K and >' K as mentioned above. The P dependence
of the onset temperature Ty, below which the spectra appear, is
presented in Fig. 9(a), where the phase boundaries determined
by the optical conductivity measurement under high pressure
are shown for comparison [47]. The Pyy value of 6.7 GPa in
the present sample is determined by extrapolating the P de-
pendence of Ty to zero temperature. The optical conductivity
measurement demonstrates an intermediate region in the P
range of 6—10 GPa, where the metallic and insulating phases
coexist. Thus the nonmagnetic NMR spectra are considered to
come from the 7Li and °'V nuclei in the insulating domains
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FIG. 9. (Color online) (a) Pressure dependence of the onset

temperature Ty below which the 7Li NMR spectrum coming from

the insulating phase appears in LiV,04. (b) Pressure dependence of

the volume fraction of the’Li NMR spectrum at 2.0 K in LiV,0,.

The broken curves are the metal-insulator transition boundaries

determined by the optical conductivity measurement (Ref. [47])

which observed the intermediate phase between the metallic and

insulating phases. The dot-dashed curves are guides to the eye.

of the sample. Observation of both the metallic and insulating
NMR spectra clearly shows the coexistence of both phases,
consistent with a first-order MIT, which accompanies the
structural transition observed by optical conductivity [47],
x-ray [48], and EXAFS [49,50] measurements.

The volume fraction of the insulating phase is obtained
from the ratio between the integrated intensities of the metallic
and insulating NMR spectra after the 7, correction. The P
dependence of the fraction in the ’Li NMR spectrum at 2.0 K
is presented in Fig. 9(b). The fraction increases with increasing
P but does not reach 100% even at 9.8 GPa. Although
similar behavior was observed for the >'V NMR spectra in
the intermediate region, the powdered patterns with a fast and
anisotropic 7, from the metallic phase hardly evaluate the
volume fraction.

The T dependences of 7K, 'K, and 7(1/T1) in the
insulating phase at 9.8 GPa are presented with the Knight

16
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o . R
0.1t : insulating phase “::."2" f{ L|V204 412
---- fitted curve S /’;I= g;(gp'l’a
<+ — 1 3 =9.
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10 100 10 100
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FIG. 10. (Color online) Temperature dependences of (a) 'K
(solid blue hexagon), >' K (solid red hexagon), and (b) "(1/T}) at
9.8 GPa in the insulating phase of LiV,04. The 7K (blue dashed
curve) and °'K (red dashed curve) data in the metallic phase are
presented for comparison. The dot-dashed curve in the left panel is
the fitted result of > K with a singlet-triplet model having a gap energy
of 590 K, whereas the dotted curve in the right panel is the fitted result,
"(1/T)) =aexp(—A/kgT) witha =7.2s ' and A = 6.6 K.
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FIG. 11. (Color online) Temperature dependences of the full
width at half maximum (FWHM) of the insulating "Li and >’V NMR
spectra at 9.8 GPa in LiV,0,.

shifts of the metallic phase in Fig. 10. Both the Knight
shifts in the insulating phase, K = 0.005 % 0.003% and
SIK = 0.29 + 0.03%, are small and independent of T, as
seen in Fig. 10(a), indicating the presence of a nonmagnetic
V site. The small K is a chemical shift, whereas the 'K
is not a chemical shift of V> but comparable to the Van
Vleck orbital shifts of nonmagnetic clusters, for example,
0.35% in a trimer composed of V3 in LiVO, [58]. The
presence of the nonmagnetic V site is also confirmed by
7(1/Ty), which obeys the thermally activated 7 dependence
"(1/T)) =aexp(—A/kgT) witha =7.2+0.5s " and A =
6.6 + 0.7 K, as represented by the dotted curve in Fig. 10(b).
Also 'K can be reproduced in a simple singlet-triplet
model, 'K = Ko+ K/{1 + Lexp(A/ksT)} with K=
0.30 4+ 0.03%, K; = —2200 4 500, and A = 590 £ 20 K, as
seen in Fig. 10(a). These results mean that the nonmagnetic V
site has a magnetic excited state composed of a small (large)
gap energy at ¢ # 0 (¢ = 0) over the nonmagnetic ground
state. It is also noted that no broadening in the Li and V NMR
spectra shows the absence of a long-range magnetic order in
the insulating phase of LiV,Qy, as seen in Fig. 11.

IV. DISCUSSION

A. Magnetic fluctuations in the metallic phase

Based on the NMR experimental results, we discuss the P
effect on the magnetic fluctuations and propose a schematic
P-T phase diagram in Fig. 12. The MIT takes place above
Pyvip where the metallic and insulating phases coexist up to
the measured maximum pressure of 9.8 GPa, as denoted
by the dot-dashed curve in Fig. 12. In the metallic phase,
there is a crossover from a high-7 region with the weak
FM fluctuations to a low-T region with the AFM ones, as
represented by the dashed curve, which is a rough guide to
the eye. Furthermore, there is a region with the enhanced
7(S/TyTK?) below ~20 K and ~1.5 GPa, as depicted in
Fig. 8. Inside this region, we observed the T -independent ” K
and 7(1/T,T) which are evidence of the FL state following
the modified Korringa relation with a parameter K(«) =
S/ T\ T K?. 1t provides a measure of the magnetic fluctuations,
namely, K («) < 1 for the FM fluctuations and K («) > 1 for
the AFM fluctuations [59,60]. As seen in Fig. 8, the value
of 7(S/T\TK?) corresponding to ’K(a) over unity means
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FIG. 12. (Color online) Schematic pressure vs temperature phase
diagram in LiV,04. The dot-dashed curve represents the metal-
insulator transition boundary above which the insulating (I) phase
appears with the coexistent metallic (M) phase. In the metallic
phase, the dashed curve is a crossover temperature below which
the antiferromagnetic (AFM) fluctuations develop with decreasing
T, whereas the dotted curve is another one around which a crossover
takes place with increasing 7 and P from a heavy Fermi liquid (HFL)
to a correlated metal, with the AFM fluctuations whose intensity is
schematically denoted by the color gradation. The insulating phase is
nonmagnetic due to a possible formation of a spin-singlet V tetramer.

that the FL state with the AFM fluctuations is stabilized
particularly below ~6 K. The system rapidly ceases to follow
the Korringa relation with applying P. With further increasing
P above ~1.5 GPa, both the ¢ = 0 and g # 0 components
of the magnetic fluctuations are suppressed and, particularly,
the ¢ # 0 one reduces in comparison with g = 0. Thus,
around the boundary in which 7K () > 1, denoted by the
dotted curve in Fig. 12, a crossover takes place from the HFL
state with the AFM fluctuations to a correlated metallic state
where the AFM ones reduce with increasing P, as represented
by the color gradation in Fig. 12. With further applying P,
the system is considered to approach a Pauli paramagnet with
suppressed electron correlation, although the MIT takes place
before entering into such a state. Thus the HFL behavior is
concluded to appear in the region with the most enhanced
AFM fluctuations. However, it should be noted that the
magnetic fluctuations have no critical behavior in the P-T
phase diagram. This fact excludes the presence of QCP at
ambient pressure, even if it may be located in the vicinity of
QCP by the Zn doping to LiV,04 [9,61]. The suppression
of the magnetic fluctuations above 1.5 GPa also shows the
absence of the magnetic QCP somewhere above ~4.7 GPa
predicted on the basis of the previous 7Li NMR results [44,45].

From the theoretical point of view, the magnetic properties
of LiV,04 have been discussed from two different approaches,
starting with the strong- and weak-coupling limits for the
electron correlation. In the weak-coupling approach, the spin
susceptibility is described within the random phase approx-
imation, demonstrating a multipeak structure of generalized
susceptibility x(q) due to the geometrical frustration, where
the x (g) peaks are enhanced by the electron correlation, in the
q space [38,62]. Application of pressure reasonably reduces
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the effective electron correlation via increasing the bandwidth,
and therefore is expected to qualitatively decrease the magnetic
fluctuations. Then this might explain the drastic suppression
of the AFM fluctuations observed above ~1.5 GPa, if the
frustration is removed at the crossover pressure. On the other
hand, the strong-coupling approach may provide a scenario
for the pressure effect as follows. The magnetic properties
have been discussed on the basis of the effective Hamiltonians
constructed from the unique band structure with the eé and
aig bands which have itinerant and localized characters,
respectively [30]. There are several competitive magnetic
interactions, such as AFM superexchange interactions in the
ag spins, FM double-exchange interactions via the e;, electron
hopping, and Kondo exchange interactions between the a;,
and eig spins [26-29,35,37]. In LiV,04 with the pyrochlore
lattice, the geometrical frustration plays an important role in
the absence of magnetic order. Focusing on the a;, spins, the
system is regarded as a spin liquid with short-range AFM
correlations due to the geometrical frustration [20,26-29,37].
The e/g electrons coupled with the a;, spins through the Hund
exchange coupling effectively reduce the AFM correlations via
the transfer hopping process [28,29,35,37]. Under pressure,
the e, bandwidth is reasonably expected to become broader
than the a;, band due to transfer paths to the neighboring
sites, leading to the FM double-exchange interaction more
effectively enhanced than the AFM superexchange interaction.
Thus, the competition among several magnetic interactions
may suppress the AFM fluctuations at high pressures above
~1.5 GPa; then the spin-liquid entropy contributing the
effective mass of the e, conduction electrons becomes
suppressed [20,26-29]. This possible scenario may provide
significant insight into the mechanism of the HFL behavior in
LiV,04.

B. Nonmagnetic state in the insulating phase

We focus on the magnetic properties of the insulating phase
above Pyj (Fig. 12). In geometrically frustrated systems with
charge and/or orbital degrees of freedom, the frustration is
often removed by forming a spin-singlet cluster such as a trimer
(LiVO,) [58,63,64], heptermer (AIV,04) [65-67], helical
dimer (MgTi,04) [68], or octamer (Culr,S4) [69] with charge
and/or orbital orders accompanied by a structural transition.
The nonmagnetic vanadium site in the insulating phase of
LiV,04 elucidates such formation of a spin-singlet cluster. In
fact, the local lattice distortion along [111] on the pseudocubic
lattice observed by the EXAFS experiment below Tyy in
LiV,0y is similar to that in AIV,04 where a nonmagnetic
V heptamer and a magnetic V** site are formed [50], although
the lack of detailed data of the crystal structure prevents us
from discussing the spin-singlet cluster from the structural
point of view in the insulating phase of LiV,0,.

There are two possible scenarios to explain the presence
of the nonmagnetic state observed in the present NMR
experiment on LiV,04 by taking account of the tetrahedral
unit with six 3d spins. The spinel or pyrochlore structure
viewed from the [111] direction has the alternative stacking of
triangular and kagome lattices. One scenario is the coexistence
of a nonmagnetic V°T site on the triangular lattice and a
nonmagnetic trimer formed by V3*, where six 3d electrons
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FIG. 13. (Color online) Schematic illustration of (a) V trimer
spin-singlet clusters (triangles with orange bonds and red spheres)
and (b) tetramer spin-singlet clusters (tetrahedra with orange bonds
and purple spheres) in a pseudocubic unit cell of the spinel structure
proposed in the insulating phase of LiV,04. The blue and red spheres
denote the V>* and V** ions, respectively.

occupy bonding molecular orbitals, on the kagome lattice, as
shown in Fig. 13(a). However, the coexistence of V3+ and
V37 sites is quite unusual and it may also be ruled out since
we observed only a kind of nonmagnetic 'V and "Li NMR
spectra. Another scenario is the formation of a V-tetramer
singlet cluster, as presented in Fig. 13(b). A V-tetrahedron
sharing six 3d electrons can have 12 molecular orbitals formed
by the #,, orbitals and they split to five multiplets in a cubic
symmetry [37]. While the moderate Hund coupling can partly
polarize spins of the tetrahedron in the cubic symmetry [37],
the lowering of the crystal symmetry is expected to induce the
further orbital splitting, which may make a low-spin electron
configuration, resulting in the nonmagnetic tetramer, stable
to release the spin frustration in the insulating phase. Then
the tetramer may have a magnetic excited state having the
large dispersion with a small (large) gap energy at g # 0
(g = 0) as observed in the present NMR measurements. Thus,
LiV,0,4 would exhibit the structural transition accompanied
by the MIT to form the tetramer singlet as observed in
some chromium oxides with the breathing pyrochlore lat-
tice [70]. More recently, even in the metallic phase, electron
delocalization in the tetrahedron unit was revealed to play a
crucial role for the magnetic fluctuations [25]. The competition
and/or cooperation among spin, orbital, and charge degrees
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of freedom in the tetrahedron unit may govern the peculiar
magnetic properties of LiV,04.

V. CONCLUSION

We have performed Li and 'V NMR measurements on a
powder sample up to 9.8 GPa to elucidate the local magnetic
properties of LiV,04 which undergoes the metal-insulator
transition above ~7 GPa. Based on the temperature and
pressure dependences of the Knight shifts and the nuclear
spin-lattice relaxation rates, we found in the metallic phase a
crossover below ~70 K where the antiferromagnetic fluctua-
tions develop with decreasing temperature. Furthermore, in a
narrow region below ~20 K and ~1.5 GPa, another crossover
was observed to take place from the correlated metallic state
to the Fermi-liquid state with the enhanced antiferromagnetic
fluctuations. Thus the HFL behavior was concluded to appear
in the region with the most enhanced AFM fluctuations.
This characteristic behavior of the magnetic fluctuations was
discussed on the basis of the competition among the magnetic
interactions due to the geometrical frustration. Above Py ~
6.7 GPa, in addition to the NMR spectra of the metallic phase,
we observed the "Li and 'V NMR spectra with the small
Knight shifts coming from the insulating phase. We proposed
the presence of a nonmagnetic V cluster forming a tetramer
singlet.
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