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NMR spin-lattice relaxation measurements of the 'Nb resonance for each Nb site were performed on
an aligned, multicrystalline NbSe3 sample at different temperatures.
Results are associated with local
electron densities of states for each of the three crystallographic sites, demonstrating Fermi-surface
changes associated with the two charge-density-wave
phase transitions. The most significant Fermisurface changes occur for the yellow and orange crystallographic sites, at the high- and low-temperature
A comparison is
phase transitions, respectively. The third site, however, is found to be noninsulating.
made to band theory and other experimental results.

I. INTRODUCTION
Nobium triselenide, NbSe3, which has been studied exis an anisotropic quasi-onetensively in recent years, '
dimensional
metal possessing
two incommensurate
charge-density waves (CDW's). A number of unusual
phenomena observed in this material are associated with
the occurrence of these two apparently independent
CDW's with onset temperatures of 59 and 144 K. Imnon-Ohmic
electrical
portant
including
properties
current-voltage
characteristics,
magnetic effects, and
electrochemical effects have aroused a great deal of interest. However, some of the electronic structure properties responsible for these features remain unclear, and our
studies address this key question by using NMR spectroscopy techniques.
The crystal structure of NbSe3 comprises infinite stacks
of trigonal prisms of selenium atoms within the monoclinic crystal, with niobium atoms located at the center of
the prisms. Each unit cell contains three inequivalent
types of chain which have been labeled "orange, "red,
and "yellow" by %ilson, or also referred to as I, II, and
III, respectively. In 1979, %ilson proposed a simple
conjecture that the red site loses all electrons to the
orange site and the yellow site leaving one-quarter-filled
bands on both the orange and yellow sites at room temperature. In this model, the red site is insulating and diamagnetic, and charge-density waves at 59 and 144 K appear on the orange site and the yellow site, respectively.
In recent years, band-structure calculations have been
performed by several groups using different methods.
The results conflict as to the number of bands crossing
the Fermi surface, assignment of a band to a well-defined
type of chain, and whether or not the red site is really inshow that the Fermi level
sulating. Shima and Bullett
crosses five bands and the red site is not completely empty of d electrons. Shima also proposed that the red site
and the orange site are equivalent. But the recent calculation of Canadell et al. ' indicates that the Fermi level
crosses four bands, the red site is insulating, the CDW
occurs on the yellow site, and below 59 K the remaining
threemetallic
electrons
come from a partially
dimensional band localized on the orange site.
Previous NMR experimental results
show that the
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yellow and the orange central lines are broadened below
145 K and below 59 K, respectively, while the red line is
unaffected. Also the quadrupole structure disappears at
77 K for the yellow site and at 4.2 K for the orange site, '
which seems to indicate that the low-temperature CD%
is localized on the orange site while the high temperature
CD% is localized on the yellow site. But recent
scanning-tunneling-microscopy
(STM) measurements'
show quite a different picture in which the lowtemperature CD% is located not only on the orange site
but also on the red site, with charge modulations of nearly equal amplitude on both sites. All three sites show
CDW modulation amplitudes of comparable strength.
Thus the electronic distribution in NbSe3 still remains

controversial.
High-resolution NMR provides a crucial local microscopic probe for electronic structure studies. The aim of
our experiment is to relate NMR relaxation measurements to the electronic configuration and the nature of
the low-temperature phases. In this paper we present the
spin-lattice relaxation ( T, ) measurements for each individual
Nb site at 292, 77, and 4.2 K. These measurements are such that it is possible to study separately the
effect of each CDW, since 77 and 4.2 K are well below
the transitions at 145 and 59 K, respectively. We show
how the metallic electron density and its change due to
the electronic phase transitions in NbSe3 are directly related to the T, .

II. EXPERIMENTAL METHODS

AND RESULTS

The hairlike NbSe3 crystals used in our experiments
were grown in our laboratory
by vapor transport
methods as described by Meerschaut and Rouxel. ' Our
crystals are of good electrical quality as characterized by
the CDW conduction threshold (sharp minimum CDW
150 mV/cm at 120
motion threshold of approximately
K). For high-resolution NMR spectra, a multicrystalline
NbSe3 sample was prepared by carefully aligning hairlike
crystals in such a way that the long crystal axes are all
parallel to each other. These ribbon-shaped monocrystals are attached to substrates by vacuum grease, and
separated by layers of a low-loss microwave composite.
We constructed a sample with 10 layers of crystal sealed
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in Stycast, with dimensions of 0.45" X0.7" X0.06". The
sample contains approximately 200 crystals, suScient to
obtain an observable signal in our apparatus. Note that
this is a sample different from the ones used for previous
NMR studies by one of us. '
A homemade pulsed fast-Fourier-transform
(FFT)
NMR spectrometer with quadrature detection and high
We
averaging speed was used in our measurements.
worked at frequencies near 93.610 MHz for Nb. A superconducting magnet was used in our experiment at a
magnetic field of 8.98 T, calibrated using the resonance of
Br in KBr powder. For all measurements the static
field was along the b crystal axis. We put 8-W of transmitter power into the probe, which made the rotating H&
field roughly 23 G. For 77- and 4.2-K measurements, we
immersed the sample in liquid nitrogen and liquid helium, respectively, while we carried out the measurements
for temperatures between 4.2 and 77 K via regulated helium Bow.
A. Line shapes

Due to electric quadrupole coupling, the NMR spectra
of Nb (I = —
, are composed of nine lines per site, so that
the three inequivalent Nb sites in NbSe3 result in 27
different lines. Our measurements concern the central
'
transition, which is the (m = —,' to —
—, ) line, and which is
the strongest due to the lack of first-order quadrupole
broadening. The shape of the central lines above 77 K
has already been studied extensively. ' In this study, we
observed the central-transition spectrum for each Nb site
at temperatures above and below the two CDW transitions at 145 and 59 K. Spectra from several temperatures
are exhibited in Fig. 1. Site identification for these spectra in this work is the same as described previously.
Nb spectra taken near the 59-K transition temperature clearly show a sudden linewidth change for the yellow site at 59 K, in addition to the broadening at 145 K.
This implies some involvement of the yellow site in the
low-temperature transition, contrary to previous expectations. The yellow linewidth [full width at half maximum
(FWHM) of the broadened line] is plotted in Fig. 2. A
small broadening of the orange central line is also observed below the low-temperature
transition. By contrast, no change in the red-site linewidth is observed at either transition, in agreement with previous studies. '

-150 -100

')

'

'

Note that significant magnetic-field-induced
electrical
changes have been observed in NbSe3 below 59 K, in
fields of a few T. However, these effects have consistently been observed only with the b axis perpendicular to the
magnetic field, whereas for all results reported here the b
axis was parallel to the field. Therefore Fermi-surface
characteristics deduced in these studies can be assumed
to apply to the zero-field configuration. The lack of
NMR Knight-shift anomalies in studies at difFerent
fields'
gives further evidence.

'

B. Spin-lattice

relaxation

To measure relaxation, we determined the signal amplitude by integrating over the line for each site, where

-50

0

150

100

50

Offset frequency (kHz)
'Nb NMR spectra measured at
FIG. 1. Central-transition
temperatures bracketing the 145- and 59-K CDW transitions in
NbSe3. Measurements were taken at H = 8. 975 T, with crystal b
axes parallel to the field. Frequency denotes the offset from
93.61 MHz. Identification with the three crystallographic sites
is as shown.

the spectrum was obtained from echo FFT's of signalaveraged data. For the broadened yellow-site central
line, we integrated the entire line. Finally the signals obtained at different temperatures were fitted to the appropriate theoretical recovery curve using a g method to
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NMR linewidth
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sudden change for temperatures near the 59-K CDW phase
transition.
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optimize the curve fit. One such fit is shown in Fig. 3,
where the theoretical curves are described below.
For the central transition, the spin-lattice relaxation is
a multiexponential
expression. ' '
Three methods are
used in our relaxation analysis for different temperatures.
Standard inversion recovery using a composite inversion
measurepulse ' was applied for the room-temperature
ments. In this case the magnetization recovery has the
form

M(T) =MD(1 —0. 012e
Q

56wt

43Qe

'—
0. 185e

'—
0. 067e '
1 3Q6e

90wt)

2W=(T, ) ',

and T, refers to the relaxation exobserved when all transitions are saturated in
NMR, by the conventional definition. Hence, a fit to Eq.
(1) yields the single time T, for each site. Three parameters were adjusted in the fit: the
the inversion
efficiency, and the asymptote.
A modified method was used for 77 K, due to the relatively long re1axation time. We found numerical solutions to the rate equations for magnetic inversion
recovery having T„„not much longer than T&. Here
T„„is the time between the measured echo and the next
saturation pulse, during repetitive signal averaging. We
can use a much shorter T„ to significantly reduce the
data-acquisition time. Numerical solutions were obtained
using the symbolic-manipulation
program MATHEMATICA, and while the exact curve was obtained, the corrections from Eq (1) w.ere small for
T, .
Because of slow relaxation at 4.2 K, a steady-state
method was applied, which is more efficient than inversion recovery, but rather complicated for quadrupole
split spectra. We again used MATHEMATICA to determine
the theoretical spin-lattice recovery curves for the steady
state. In the steady-state experiment, echo measurement
saturates the central transition periodically, but in the relaxation process all levels are affected so that the recovery
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FIG. 3. Experimental relaxation data for the NbSe3 orangesite central line, at 77 K, with the theoretical fits. Curves for
the magnetic and quadrupole relaxation mechanisms are described in the text.
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curve is different from (1). In this case, an exact analytical multiexponential expression was derived, containing
more than 50 exponential terms (too long to show here).
'
An eight-echo Carr-Purcell-Meiboom-Gill
pulse sequence, which has one 90' pulse followed by a series of
180' pulses, was used for 4.2-K measurements. This sequence improves the signal-to-noise ratio and also gives
near perfect saturation for each transition. Each echo
was separately digitized and averaged, and all echo FFT's
were added after multiplying
by a weighting function
equal to the T2 decay function, to optimize the signal-tonoise ratio. The signal strength was then obtained by integrating over the echo FFT width for each site.
For the transition metals, spin-lattice relaxation involves several hyperfine coupling terms' ' including scontact, core-polarization, and orbital interactions, and
in exceptional cases magnetic dipole and electric quadrupole interactions with conduction electrons. Hyperfine
coupling parameters are reasonably well established for
niobium metal. ' Based on well-established band structures, there is no contribution from s contact in NbSe3.
In addition, band calculations indicate that the terms
((k, m~L +—~k', m') are negligible because there is no
d
mixture at the Fermi surface
in the undistorted configuration. This means that the orbital contribution goes to zero. We therefore assume in our analysis
that core polarization is the dominant contribution to the
relaxation, and it has the form

„d,

(

"'

I/T, =2@„hk[N(EF)] H, pT,

(2)

0,

where T l is spin-lattice relaxation time,
is the
hyperfine core-polarization field, T is the temperature,
N(EF) is the density of states, while y„ is the gyromagnetic ratio. Interference terms will not appear because
there is essentially one orbital of importance, the d 2 orbital. Also, the effect of electron-electron interactions on
T, is generally small.
Electric quadrupole interactions with unfilled shell
electrons in some cases contribute to the spin-lattice relaxation, but for Nb, this should be small as illustrated by
Thus this process
the result for Mo in the same row.
is disregarded in our analysis. The final T, figures for
three sites at three temperatures, derived from fits to
magnetic recovery curves as described above, are given in
Table I. The uncertainties quoted in this table correspond to the 90%%uo confidence level obtained from a y fit.
Additional contributions to Tl may come from quadrupole coupling to atomic fluctuations. A standard phonon contribution is unlikely as the source of Tl observed
here, since the T dependence will be much stronger than
actually observed (Table I). However, further contributions can come from CDW fluctuations; this has been observed in NQR studies of NbSe3 (Ref. 27) just below the
145-K transition, giving a peak in the relaxation rate that
A compardies out quickly with reduced temperature.
ison between T, data from Table I and preliminary nuclear quadrupole resonance results ' shows no frequency dependence at 77 K, indicating against such a mechanism at this temperature. Furthermore, a least-squares fit
of the 77-K relaxation data to a quadrupole curve (shown
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Nb NMR spin-lattice relaxation time (T, ) measured for each site in NbSe3, at different
at H =8.975 T.

Red site (II)

Orange site (I)

Yellow site (III)

67. 3+2.4 ms
410+22 ms
26. 6+1.8 s

21+1 ms
165+9 ms
23. 5+1.35 s

12.6+0.7 ms

Temp

292 K
77 K

4.2 K

in Fig. 3 for the orange site), is much less satisfactory
than the magnetic fit. For this fit, the quadrupole relaxation parameters
were set so that O'I =8'2=8', appropriate to fluctuations of the well-established yellowsite crystal field.
In this case the solution has the form

M(r)

M (1

012e 2621w—t Q 353e
—
0 345 1821 w 0. 807
Q

0 482e

—2318wt

330 wt)

III. DENSITIES OF STATES AND

(3)

ANALYSIS

Using the core-polarization model, the density of states
from Eq. (2) for each site at room temperature, 77 K, and
4.2 K is given in Table II. We used a core-polarization
Q. 18X10 6, which is
hyperfine field (H, ) equal to —
the experimental value for NbSe2.
Theoretical values
for Nb metal range from —
0. 14X10 to —
0. 21X10
G 9'3'32 choosing values in this range will scale N(EF)
accordingly, although relative changes at the transitions
will be unaffected. Our results show that N(EF) is reduced by 43% when the temperature changes from 292
to 77 K, and is further reduced by 53% when the temperature drops from 77 to 4.2 K, which is consistent with
the opening of Fermi-surface gaps due to the two CDW
transitions.
Previous estimates from resistivity ' had
approximately 20 —30% of the Fermi surface destroyed
by the 145-K transition and 60 —70% of the remaining
Fermi surface destroyed by the 59-K transition.
The total N(EF) from Table II, 2.43 states/(eVNb
atom), is also comparable to the total N(EF) calculated
1.30 states/(eV Nb atom), for room temperaby Shima,
ture, although the difference is too large to attribute to
uncertainty of H, . However, our results provide strong
evidence that the red site is neither equivalent to the
orange site nor insulating, which have been the two previous theoretical predictions.
Comparing the 77-K to room-temperature
results, we
can see that the yellow site exhibits the largest N(EF)
change due to the 145-K phase transition, which is con-

"

"'

330+16 ms

18.7+1.2 s

sistent with previous experimental and theoretical results.
However, the density of states at all sites is affected.
Clearly, the band associated with that transition is not as
spatially confined as had been believed.
For the low-temperature transition case, our results indicate the largest N(EF) change for the orange site between 77 and 4.2 K. However, again all three sites participate to some extent. As described above, the yellow
line has a sudden change in linewidth near 59 K (Fig. 2).
Enhanced broadening may result from the condensation
of the free electrons that screen the electric-field gradient,
without
a change in the magnitude
of the hightemperature CDW, which is consistent with the x-ray
scattering-result.
Thus, some of the electrons that condense at low temperatures must come from the yellow
site. Our total N(E~) for 4.2 K, 0.65 states/(eVNb
atom), is somewhat larger than that of Shima's" 0.41
states/(eV Nb atom), a trend also seen at room tempera-

ture.
A contribution to the T, due to vibration modes at 4.2
K cannot be ruled out as it was for 77 K. This would
make the N(EF) in Table II somewhat smaller. Lowenergy fluctuation has been evidenced in the specific
heat, but these are unlikely to be important at 90 MHz.
Furthermore, CDW fluctuations cannot be effective on
the red-site TI since CDW broadening is absent for that
site. Thus, such terms must have a small effect on the TI.
Note, however, that our analysis assumed no orbital
contribution, based on band-structure calculations for the
undistorted
configuration.
Rough agreement between
our total N(EF) and that of Shima" tends to confirm this
argument. However, symmetry change below the CD%
transition may modify the band structure sufficiently to
add an orbital term (e.g. , adding d„, and d~, contributions), lowering N(EF ) by a small amount.
It is difficult to reconcile, though, the much smaller
N(EF) implied by recent specific-heat measurements.
The new value of y 8 erg g ' K
implies N(EF ) not
exceeding 0. 12 states/(eVNb atom) at low temperature.
So the density of electrons remaining at low temperature
remains somewhat uncertain. We note, however, that
strong 4.2-K relaxation is seen for all three sites, presum-

(

TABLE II. Fermi-level densities of states for each Nb site in NbSe3, in states/(eV Nb atom), deduced
from the NMR

Tl.

Red site
Tempera

292 K
77 K
4.2 K

(II}
1.43
1.13
0.60

Orange site
(I)

Yellow site

(III)

Total

2.55
1.78

3.30
1.25
0.71

2.43
1.39

0.64

0.65

JIANHUI SHI AND JOSEPH H. ROSS, JR.

8946

that multiple electron-hole pockets remain
at this temperature, rather than the simple picture of one
remaining pocket.
In a previous non-site-selective NMR relaxation expericonsistently shorter Tj values for 77 and 4.2 K
ment,
were reported. In our study, we see no sign of frequency
dependence to the T„as seen in that study. It is possible
that the additional relaxation was due to characteristics
ably implying

of the previous sample.
have proAdditionally, Knight-shift measurements'
vided a rough quantitative measurement of the changes
in the density of states caused by CDW transitions. The
previous analysis assumed that the red site is insulating,
with zero spin susceptibility, as originally believed. Our
measurements provide considerably more detail, since for
di6'erences between large core dimagneT& evaluation,
tism, Van Vleck, and core-polarization terms are not involved. Our revised picture of the per-chain electron
configuration, though, is consistent with the Knight-shift
data and estimates that roughly half of the Fermi surface
at both the yellow and orange sites is destroyed at the
corresponding transition.
Finally, we address the lack of modulation on the red
site at low temperature. In our study, as well as previous
no linewidth change was observed for the red
studies, '
site, although some N(EF) change was observed. Thus
the apparent conflict with STM (Ref. 17) remains. A posfor this conflict involves a lowsible resolution
temperature CDW located on the red-site seleniums as

'
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well as orange-site metal atoms. The effect on the red-site

Nb resonance could then be small. Note that the red-site
Se-Se antibonding orbitals are predicted to lie just below
the Fermi level.
To have some CDW density in these
orbitals requires an upward energy shift for that band,
possibly caused by the CDW distortion itself.
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IV. CONCLUSIONS
We have measured the Nb-site T, in NbSe3 and thereby resolved the temperature dependence of metallic electrons per chain. We present a microscopic picture of the
two CD% transitions, showing large changes in the density of states for the yellow and orange sites due to the
145- and 59-K transitions, respectively. CDW broadening is also exclusive to these two sites, as previously observed.
Yet the third site (red site) does exhibit
significant density-of-states changes. We find that bandstructure calculations have successfully predicted the
main features, but certain aspects, particularly the nature
of the pockets remaining at low temperatures, remain unresolved.
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