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NMR investigation of a structural phase transition and temperature-induced magnetism
in copper thiospinel CuV,S,
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Metallic thiospinel Cu\S, transforms from the higf- cubic (HTC) crystal phase to a low- tetragonal
(LTT) phase below a transition temperatdie=90 K. The electronic and magnetic properties of GBVvhave
been investigated with magnetic susceptibilityKnight shift K, and nuclear spin-lattice relaxation tirig
measurements betwe@r=4.2 and 300 K at 78 MHz. With the phase transition from HTC to LTT,dkspin
hyperfine field 0PV shows a large change from29.4 to 2.5 kOeig and of®3Cu from 19.5 to 11.9 kOgig .
The small increase i and large increase i6°T, T aboveT; are described by an energy band scheme®t vV
(d?) with a singlet ground stat€S=0) and triplet first-excited statgs=1). A large Jahn-Teller local distortion
in the LTT phase results in the singlet ground state. In the HTC phase, on the other hand, the distortion is so
small as to allow a thermal excitation to the triplet state with an activation energ&Eof13 meV.
[S0163-182607)04802-9

INTRODUCTION NMR study of both®3Cu and®V in the metallic Cu\S,.
The results are well described by an energy band scheme of
Diverse electronic and magnetic properties emerging fronV>" (d?) with a singlet ground staté=0) and triplet first-
spinel compound#&B,X, when various atoms ok, B, and  excited stat¢S=1). In the HTC phase, the energy separation
X are combined have been extensively studied in the padtetween the two states is so small as to allow the thermal
few decades. Above all, there has been a renewed interest éxcitation.
the superconducting copper spinelNuX, in which the Cu
atoms are in the Cii ionic staté~ as the case of cuprate
high-T., superconductors. EXPERIMENT
In CuV,S,, contrary to the early discovery of the super-

IV . _ A polycrystalline specimen used in the present study was
conductivity with T4=3.95-4.45 K5 none of following

o : 10 synthesized by the standard shielded ampoule method. The
report§~**showed any sign of the superconductivity, and thegependence of the lattice parametersTadetermined by the
recent studié®® on Cu\,S, have been focused on the sub- powder XRD (Ref. 13 is shown in Fig. 1, where/a is
ject of charge density waveCDW) formation to explain an
anomalous resistivity maximum around 50”#: Nuclear
magnetic resonanad®MR) studie$*? found that a negative 981 [
Knight shift of °V in CuV,S, becomes significantly weaker [ ‘
below ~90 K. This was explained to be associated with a I *
partial quenching of the Fermi surface due to the CDW 980 |- ‘
formation®

Because of the topology of the Fermi surface, the Peierls
transition and resulting CDW formation is well known to be
a general property of one-dimensioriaD) conducting sys-
tems, and to be rare in 3D conductors with cubic structtire.
In addition, Miyatani, Tanaka, and Miyamdfoshowed by
x-ray diffraction (XRD) measurements that a well-
characterized stoichiometric Cy%, specimen exhibits a
coherent-type crystal-phase transition from the higbabic !
(HTC) to a low-T tetragonal (LTT) at T;=90 K. Thus 0 100 200 300
CuV,S, is restudied here, using the well-defined stoichio- T [K]
metric sample.

In this paper, we report briefly the experimental results FIG. 1. Temperature dependence of the lattice parameters by
and analysis of the magnetic susceptibility and high-fieldMiyatani, Tanaka, and Miyamot(Ref. 13.
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FIG. 2. Temperature dependence of the magnetic susceptibility FIG. 4. Temperature dependence of the Knight sKift

x. Broken curve shows the temperature-indugediscussed in the _ _ _ -
text. Inset shows a typical field dependence of the magnetization &¥ith a small anisotropic shape. The linewidth®¥ shows,

4.2 and at 292 K. in addition, a significant increase fdr from ~150 K down
to 90 K.
about 0.9975 fofT<60 K. Thus the HTC spinel Cw%, Figure 4 shows thd dependence of the Knight shi.

coherently transforms into the LTT spinel beldw=90 K.  The data of3K above 90 K and of'K agree with the values
The magnetizatioM measured in & range between 4.2 reported previously:*°**Shown in Fig. 5 is th& vs y plot
and 300 K using a torsion-type magnetic balance was prowith T the implicit parameter.
portional to the external fieltH (inset of Fig. 2. Thus the The Knight shift in Cu\S, has contributions coming
slopedM/dH could be described by the susceptibilityAs  mainly from s spin, d spin, andd orbital, neglecting the
shown in Fig. 2,y shows a characteristit dependence as diamagnetic contribution,
reported previously;with decreasingl, a small decrease in
the T range between 90 and 300 K, sudden decrease just K=Kgs+Kg(T)+Kgrp, (]
below 90 K and large increase below60 K.
NMR of both®3Cu (1=2) and®V (1=1) was observed in and these, in turn, are related to the susceptibilities with hy-
the T range between 4.2 and 300 K using a phase-cohereierfine coupling constants by
spin-echo spectrometer operating at 78 MHz. i@y NMR
for T<90 K was observed in the present study. As shown in Ke=(veynh?)  tAgxs, 2
Fig. 3, the linewidth of botf*Cu and®V with a Lorentzian
line shape at higl exhibits a monotonic increase at low Ky=(veynt?)  Agxa, @)

10° Korb=( 'Ye'yNhZ) 71Aoronrbv (4)
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FIG. 3. Temperature dependence of the full-width of half maxi-
mum (FWHM) of the ®3Cu and®*V resonance line. FIG. 5. Plot of the Knight shifk against the susceptibility.
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whereAy includes the core polarizatioi.,), dipolar (Agp),

and spin-orbit(A.,) contribution®® L
HTC phase. The experimental data of boCu and I

°l for T>90 K are on a corresponding solid line drawn in

Fig. 5 using a least-squares method. The slope of the experi- 8

mentalK vs y line yields an empirical value foky; 19.5 and 1 sty { l

—29.4 kOelug for 3Cu and®V, respectively. The negative

sign of °!A, is indicative of dominantl spin contributions.

The positive sign of A, in contrast, is suggestive of domi-

nant transferred hyperfine coupling®, to the neighboring

V d spins through four nearest-neighbor sulfur atoms. Thus -

we estimaté®B,=3.0 kOefug . i Frstt 1
An intersection(at pointP for 83Cu andP’ for ®V in the 2k .

inset of Fig. 9 of the experimentaK vs y line andK,, vs | 3 Cu ]

Xor line with the slope defined b#,,, gives an estimate of °

Korp @nd xo, Neglecting a small contribution from the 0

band in Cu\S,.”'® Taking °'A,,=322 kOefiz and

83,1, =745 kOefliz (Ref. 17 and a typical reduction factor T K)

k=0.8 in metals, we obtained®K,,=0.11%, x

=0.13x10 % emu/g \, and &K ;,,;=0.1%, xo,=0.02X10" FIG. 6. Temperature dependence of the nuclear spin-lattice re-

emu/g Cu, respectively. Thus we may conclude that the exaxation rate(T,) .

perimental large, of ~3x10™° emu/g is mainly attributed to

the V d spins at theB site. %1y, however, could not be explained by the occurrence of
LTT phase. As the system transforms into the LTT the Peierls transition. The XRD stutfy(Fig. 1) exhibits evi-

phase just below 90 K, the experimental points deviate redence not for the superlattice diffraction pattern due to the

markably from the extrapolation of th€ vs y line defined in  CDW formation, but for the structural transition from the

the HTC phasésolid ling), and then are on another line with HTC phase to LTT phase at =90 K.

gei,fferentssllope(broken ling at low T for the case of both Some transitional compoundgoxides, sulphides, se-
Cu and>"V. The experimental fact that the extrapolation of |enides, tellurideswith metallic conductivity are known to

the broken line reaches the poit(P’) leads us to conclude retain large ionic character. Following the strong crystal field

that, associating with the phase transition from the HTC taheory, the ground state of the electron configuration in the

LTT phase,(1) the orbital contribution tK and toy does  cubic Cu\,S, spinel is expected to be in an ion distribution

not change an®?) the value of thed spin hyperfine coupling given by Cd*(V3"),(S?7), with (eg)4(t2g)5 for CU" at the

constantA varies from—29.4 to 2.5 kOglg for >V and  tetrahedral site and {o9)? for V3" at the octahedrdd site.

from 19.5 to 11.9 kOglg for ®*Cu, respectively. The triply degeneratetf;)® electron configurationS=1,

L=3) of V3" should give rise to a Curie-Weiss-type spin

susceptibility, which is not the present case of G8V
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The nuclear spin-lattice relaxation rafg ' was measured

utilizing the single-rf-pulse—saturation method. All the ex-
J g B When the crystal is distortect{a), thet,, orbital splits

perimental magnetizatioll (t) at the timet after the single- . q q o bithl and doubl
saturation pulse showed a multiexponential recovery, nd Nt© @ nondegenerate ground statedgf orbital and doubly
degenerate excited state df, and d,, orbital. The Jahn-

was obtained by the parameter fitting of the theoretical re-
covery curve with the experimental data.; * shown in Fig.

6 exhibits characteristi@ dependences a&i~90 K: i.e., a
jump discontinuity ir*T; ! and a maximum if®*T ;1. These
behaviors would naturally be affected by the unexpected
change in the value of the spin hyperfine couplind\y. In

Fig. 7 we plot the value oK 3T,T againstT with A4 the I ]
implicit parameter. A roughlyT independent behavior of 1.5 SCu = } %- 15
K 3T, T for T<90 K indicates that the very large increase in I
x below ~60 K is attributed to an increase in effective den-
sity of states(DOS) at the Fermi leveE,, expected when
the Vd band width is extremely narrofe100 K). The large
increase irk 3T, T for T>90 K, on the other hand, indicates
that the increase iy for T>90 K (Fig. 2) cannot simply be
explained by the increase in DOSEt .
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DISCUSSION .
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Anomalies in the conductivity and magnetic susceptibility 0 50 100 150 200 250
observed in CuYS, have been interpreted as a sign of the T (K)
CDW formation in previous papers. Present experimental re-
sults on the Knight shift and relaxation rate of b6fgu and FIG. 7. Plot ofK 3T, T against the temperature.
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Teller local distortion along the axis at theB site results in  influence of thed-d Coulomb correlations would lead to a

a singlet ground stat¢5=0, L =0), and theS=1 triplet state  screening out of the short-range repulsive potential between

is expected to be induced by thermal excitationsTags  the electrons with antiparallel spin direction.

raised. The increase in théV linewidth observed in th& The experimentaly just belowT;=90 K deviates from

range from~150 down to 90 K(Fig. 3) would be due to the the broken curve and decreases suddenly. This indicates that,

guadrupole broadening associated with the growth of the loin the LTT phase, the energy separation between the singlet

cal distortion at theB site. ground state and triplet excited state becomes large enough
A statistical calculation of; for two electrons in a system not to allow the thermal excitation. The roughlyindepen-

composed of the spin-singlet ground state and spin-tripletlent behavior of YK)2T, T for T<90 K also suggests that

excited state gives the electronic state in the LTT phase is in the singlet ground
state.
~AE/K —AE/k i i . N
e AF/keT(2+e7AF/keT) ©) Finally, the positive sign of*A, implies that the elec-

tronic state of the Cu atom at thesite is in a state close to
Cu'* (d*° S=0). Further detailed analysis of the experimen-
tal results will be reported in the near future.

oC
X (1+ e—AE/kBT)z

The data ofy for T>90 K are satisfactorily reproduced by a
broken curve drawn in Fig. 2 using E¢p) with AE~150 K
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