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The nuclear spin-lattice relaxation time T; of 33%b in
NbSe3 has been observed as a function of frequency vy in
the range 6-40MHz at 4.2 K and of temperature T in the
range 1.3-77K at 10 MHz. [TJT]'1 is found to be propor-
tional to 1//v corresponding to characteristic divergen-
ce of spin correlation function in 1-D system. Below
~ 10 MHz, a break down of the divergence is observed. The
important features of the T dependence observed are a
sharp minimum at ~45K and an asymptotical approach to
the metallic relation, Tj;T=const. with decreasing T
down to helium temperature. This [T77]”! minimum is ex-
plained by the destruction of the Fermi surface due to
the CDW gap formation. The re-increase of [TJT]_1 below
the CDW transition may suggest a partial recovery of
the destructed Fermi surface.

INTRODUCTION

Niobium triselenide is a highly anisotropic metal which has
been the subject of considerable attention. The crystal struc-
ture is made up of infinie chains of trigonal prisms extending
parallel to the monoclinic crystal axis.! The electrical
resistivity along the chains shows a metallic behavior from
room temperature down to liquid helium range and has two anom—
alies at 145 and 59 K. These anomalies have been interpreted
in terms of two different charge density wave (CDW) formations.

[8171/99
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Below these tramsitions, NbSe3 shows the striking non- Ohmic
behavior.3 The measurements with a pressure of 7 kbar" have
shown an increase in the superconducting transition tempera-
ture from I'_v0 to T,=2.5 K. The pressure also suppressed
the CDW® ang it has been suggested that the CDW formation and
the superconductivity are antagonistic,e both competing for
the electronic states near the Fermi surface (FS). These prop-
erties are also observed commonly on the most of low dimen-
sional metals. Herein presented are experimental results on a
nuclear magnetic resonance investigation to see what extent
the electronic structure of NbSej is one dimensional (1-D),
and what happens on the electronic states near the FS at and
below the CDW transition. The nuclear spin-lattice relaxation
is related to the FS parameters and can yields information
about the dynamic properties of the conduction electrons.

EXPERIMENTAL

Polycrystallines of NbSej were obtained by the usual method!
of heating stoichiometric amounts of niobiumand selenium for
several weeks in an evacuated quartz tube. A single crystal-
like sample was prepared by arranging the fibrous crystals
into a bundle with parallel b-axis,

The ?3Nb resonance spectrum measurements on the single
crystal weremade with b-axis parallel to the external magnet-—
ic field #, using a signal averager to obtain a sufficient
S/N ratio. In this orientation (b-axis / H,) and for the hex-
agonal symmetry, the spectrum of I3Nb (I=9/2) was composed
of nine different lines whose frequencies are given by

Voomels vo(l+K//)—\)Q(m- 1/2) (1)
where \)Q=362qQ/2I(2I—1), @ is the nuclear quadrupole moment,
g the electric field gradient along the b-axis, and K// the
parallel Knight shift. The observed first-order quadrupole
spectrum yields an assignment of a quadrupole coupling const-
ant 1 1e?qQ=7.2+0.7 Miz and Ky = 0.10£0.05% at 1.3~4.2 K.

In the measurement of the nuclear spin-lattice relaxa-
tion T;, we must consider that we observe only the %*—*-%—
central transition. The relaxation behavior of the magneti-
zation M(t) for the transition is given by’

[M(0)-M(t)] _ -2Wt -12Wt -30Wt -56Wt -90Wt
—__M(w) = ale +a2e +a3e +a46 +ase
where 2W= (Tl)_l and ai’s are coefficients depending on the
initial population of 2I+1 levels. A theoretical calculation
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for the initial conditions where (a) populations of |m| > -15
levels are in thermal-equilibrium with the [m =+ levels, and
(b) %ﬁ—% transition is saturated completely but the popula-
tion of other spin levels are not effected, provides as

(a) a1=0.152 a2=0.140 a3=0.153 a4=0.l92 a5=0.363, and

(b) al=0.006 a2=0.034 a3=0.092 a4=0.215-a5=0.653,

respectively. Thus, in order to get the 2W term, the fast re-
laxation terms should be suppressed by the initial condition
imposed on the spin system. Inthe liquid helium temperature,
we utilized a saturating comb composed of a few hundred rf

pulses and obtained the 2W component directly. Above 4.2 K,
however, the comb method was not applicable since evena comb
composed of a few rf pulses increased the sample temperature
by Joule heating. Then we recorded full recovery behaviors
M(t) after single m/2 pulse and T; was assigned by getting the
best fit of our data with the theoretical recovery curve for
the initial condition (b). The agreement of T7; values obtain-
ed at 4.2 K by this procedure with that by the comb method
was good enough.

The T; of 93Nb in the NbSeq polycrystalline was measured
as a functionof the nuclear resonance frequency vy from 6 to
38 MHz at 4.2K. Data of [7;7]7! vs. v are shown in Fig. 1 in
which the slope of a straight line is 1/2. We find here rea-
sonable agreement of the data with this line. On the other
hand, a level-off from the 1//v line takes place below ~ 10 MHz.

A few measurements of theT; on the single crystal were per-
formed as a function of the angle 6 between the b-axis and H,.
Results at 4.2K are shown in Fig. 2 which represent ‘a decrease
by about 44 7% in [TJT]'1 as the 6 increases from 0 to 7w/2.

Fig. 3 shows the temperature dependence of [T77]7! and
the resistive transition? in the insert. The principal feature
is a sharp minimum at ~ 45 K and a following asymptotical ap-
proach to a constant with decreasing T down to helium range.

DISCUSSION

Analysis of the Frequency Dependent Relaxation

The nuclear relaxation rate induced by the electron - nuclear
interactions can be expressed as®

-1 _ z +
(Tl) 1 = 9,6 (u)N) + Q.6 (we) (2)

where Q,(a=2z,+) are the geometrical factors which depend on
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FIGURE 1 Variation of 33Nb relaxation rate in NbSe3 polycrys-
talline as a function of the nuclear (and electron) Zeeman
frequencies at 4.2 K.
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FIGURE 2 Dependence of 93Nb relaxation rate in NbSej3 single crys-
tal on the angle 6 between b-axis and H, at 10.5MHz and 4.2K .
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the hyperfine interactions, G%(w) is the Fourier transform of
the spin correlation function, r%(+)=<g%(t)s%*(0)>, and for
an isotropic Hamiltonian one has 2G%(w) =Gt(w) =G(w).

Recent theoretical calculation? indicates the divergence
of the correlation function, G(w)=1//4 as w~>0, providing
1-D tight-binding Hamiltonian taking into account the electron-
electron and electron-phonon interactions. This divergence
comes from the very slow decay of T'(t) = 1/VT as t+win 1-D,%0
and it corresponds to an important contribution, in another
word , from the long wave length part of the momentum trans-
fer (qJ_:O) connecting two points on the FS in 1-D system.11
This is in contrast with 3-D metals where the g/ =0 contribu-
tion is much smaller because of lowdensity of states near qL:O.

Consequently, the (77)”! value depends on the exchange spec-
trum at both frequencies wy and w, and has 1/V/w divergence.

For the 23Nb relaxation in NbSej, the d core-polarization
and orbital interactions are dominant contributions over the s
contact interaction since the Nb s-band lies even higher in
energy above the Fermi energy Ep due to strong hybridization
with the Se orbitals.l? As the energy transfer by the core-
polarization brings with simultaneous electron- nuclear spin
flip-flop, the (TJ)'1 depends on the exchange spectrum as,
Gluwg £ wy) = Glwg). On the other hand, (T7)"1 depends on Gluy)
for the orbital interaction. Thus, the 1//w dependence of G(w)
and the fact that the geometrical factor Q is the same order
in magnitude for the d core-polarization and orbital interac-
tions, suggest strongly the dominant orbital contribution to
(T])_l, as wN<< We

For the case of the orbital relaxation, following the
calculation by Ehrenfreund et al.,!! we obtained as

[T1T)7! = 2tk [y N(E)H, - (orb) 12{5 (q=0)+5(q=2k ) }p  (3)

where th(orb) is the orbital hyperfine field and p is a re-
duction factor. §(q=2kg) =1 for free electrons, and §(q=0) =
(ZwNT)'l/2 for the possib}e case of finite mean free path.l

The experimental w™!/2 dependence of [TJT]—1 indicates
the important contribution of the §(q=0) term as discussed
above and provides an evidence for the existence of 1-D flat
Fermi surface even at the liquid helium temperature.

The reduction factor p canbe calculated as a function of
admixture parameters cj of the dwave functions at Ey and found

to be dependent of the angle 6 between the b-axis and H, as
p = p(l)+-p(2)sin26 (4)

with
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(1) _ ) _ , 2_ 2 _
P = 02(3014-203) and p = cz 3clcz+-403 2@2c3,

where c¢] € dz,2_),2, ¢) e’dxz,yz’ ey e'dxy,xz-yz’ with a

relation e+ 2e2+2¢3=1, A sclid curve in Fig.2 was drawn
following eq, (4) with (p(l)-fp(z))/p(l) =0.56. The orienta~
tion dependence of [TJT]—1 also shows the dominant orbital
interaction since the core-polarization relaxation should be
independent of the angle 8. In order to obtain the ratio as
p(2)/p(1) = ~0.44, one should put alimitation on the admixture
parameters at Ey as follows;

0120.2—0.5, ep=0.1-0.4 and e3<0.15.

Experimentally the [TlT]_1 saturates below ~ 10 MHz as
shown in Fig. 1. This result indicates that in NbSej the div-
ergence of G(w) breaks down and can be interpreted by intro-
ducing a cutoff process in the spin correlation.?’10 The G(w)
could be calculated by taking Fourier transform of the self-
correlation function which was constructed by%’!13

r(t,to) =T(t)exp[-t/1.] (5)

where a function exp[-t/7.] is introduced to get a fitting
with the experimental [Tz’l’]'1 plateau. From the eq.(5), G(w/)
can be obtained as

G(w) = (TC/Zm)'l/2 for wte>» 1, and
Gw) = (10)712  for wrc« 1.

Thus, from the experimental [TZT]'1 behavior, we obtained a
cutoff frequency as 2.3x 107 Hz which gives a decay rate at
which the spin correlation deviates from its 1-D behavior.

Nuclear Spin Relaxation and CDW Formation

The general characteristic of 1-D metals is in their instabil-
ity towards the formation of the CDW which creates an energy
gap at the Ep. This should result in a decrease of the den-
sity of states N(Ep) and, therefore, a decrease of [TJT]‘1
just below the CDW transition temperature T,. For an ideal
1-D conductor, the CDW formation transforms the material into
a semi-conductor because of the topology of FS. The metallic
behavior of the NbSes3 below T, has been explained by the ex-
istence of plausible knots on the flat FS which does not sat-
isfy the nesting criterion.3

As shown in Fig.3, the experimental value of [T7T]7!
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provides a minimum at ~ 45K indicating the reduction of N(EF)
by about 60 % at least from the value at 77 K. This result
gives an evidence for the destruction of portions of the FS
due to the CDW formation as the second resistivity peak occurs
also at 49 K.3

0.3 T T T 77T | S e o
p el
%.j\ 0.2 Do 9 -
N r oJ.; 30 00 T80 ”11 JW
= 0114 } .
—
SUUME T hpgggt
$
0 oo sl [ S IR E
] 2 5 10 20 50 100
T (K)

FIGURE 3 Variation of [TJ’I’]~1 of 93Nb in NbSe3 polycrystal-
line as a function of the temperature 7 at 10.5MHz, The char-
acteristic of the resistivity is shown in the insert.3

The most striking result is the increase of the [TZT]_1
with lowering T after providing the minimum at ~ 45 K. Then,
it approaches to the metallic relation, T;T=const. This in-
crease of [TJT]'1 gives an estimate of N(Ep) recovery to about
70 % of the value at 77K. This recovery can not be explained
by the knots model since, if it is the case, the N(Ey) should
be constant after the significant reduction just below the 7.
Though the origin of this N(Ef) recovery effect is unclear at
present, it might be worthwhile to point out that this may
relates to the strong recovery of the conductivity below the
second resistive peak at 4% K. At this point, more experi-
mental and theoretical works are necessary to obtain a full
understanding.
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