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NMR spin-lattice relaxation measurements of the **Nb resonance for each Nb site were performed on
an aligned, multicrystalline NbSe; 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 Fermi-
surface changes occur for the yellow and orange crystallographic sites, at the high- and low-temperature
phase transitions, respectively. The third site, however, is found to be noninsulating. A comparison is

made to band theory and other experimental results.

I. INTRODUCTION

Nobium triselenide, NbSe;, which has been studied ex-
tensively in recent years,! ~* is an anisotropic quasi-one-
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. Im-
portant electrical properties including non-Ohmic
current-voltage characteristics,” magnetic effects,® and
electrochemical effects’ have aroused a great deal of in-
terest. However, some of the electronic structure proper-
ties responsible for these features remain unclear, and our
studies address this key question by using NMR spectros-
copy techniques.

The crystal structure of NbSe; comprises infinite stacks
of trigonal prisms of selenium atoms within the mono-
clinic 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 Wilson,? or also referred to as I, II, and
III, respectively. In 1979, Wilson® 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 tem-
perature. In this model, the red site is insulating and di-
amagnetic, and charge-density waves at 59 and 144 K ap-
pear 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 in-
sulating. Shima and Bullett”!! show that the Fermi level
crosses five bands and the red site is not completely emp-
ty of d electrons. Shima also proposed that the red site
and the orange site are equivalent. But the recent calcu-
lation 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
metallic electrons come from a partially three-
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 CDW
is localized on the orange site while the high temperature
CDW is localized on the yellow site. But recent
scanning-tunneling-microscopy (STM) measurements'’
show quite a different picture in which the low-
temperature CDW is located not only on the orange site
but also on the red site, with charge modulations of near-
ly equal amplitude on both sites. All three sites show
CDW modulation amplitudes of comparable strength.
Thus the electronic distribution in NbSe; still remains
controversial.

High-resolution NMR provides a crucial local micro-
scopic probe for electronic structure studies. The aim of
our experiment is to relate NMR relaxation measure-
ments 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 indivi-
dual »’Nb site at 292, 77, and 4.2 K. These measure-
ments 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 NbSe; are directly re-
lated to the T',.

II. EXPERIMENTAL METHODS AND RESULTS

The hairlike NbSe; 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
motion threshold of approximately 150 mV/cm at 120
K). For high-resolution NMR spectra, a multicrystalline
NbSe, 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 monocrys-
tals 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, sufficient 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
averaging speed was used in our measurements. We
worked at frequencies near 93.610 MHz for *>Nb. A su-
perconducting 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 trans-
mitter 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 heli-
um, respectively, while we carried out the measurements
for temperatures between 4.2 and 77 K via regulated heli-
um flow.

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 NbSe; result in 27
different lines. Our measurements concern the central
transition, which is the (m =] to —1) 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 transi-
tions at 145 and 59 K. Spectra from several temperatures
are exhibited in Fig. 1. Site identification for these spec-
tra in this work is the same as described previously.* 1

PNb spectra taken near the 59-K transition tempera-
ture clearly show a sudden linewidth change for the yel-
low 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 expecta-
tions. 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 ob-
served below the low-temperature transition. By con-
trast, no change in the red-site linewidth is observed at ei-
ther transition, in agreement with previous studies.!* ¢

Note that significant magnetic-field-induced electrical
changes have been observed in NbSe; below 59 K, in
fields of a few T.> However, these effects have consistent-
ly 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 am-
plitude by integrating over the line for each site, where
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FIG. 1. Central-transition *Nb NMR spectra measured at
temperatures bracketing the 145- and 59-K CDW transitions in
NbSe;. 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 signal-
averaged data. For the broadened yellow-site central
line, we integrated the entire line. Finally the signals ob-
tained at different temperatures were fitted to the ap-
propriate theoretical recovery curve using a y* method to
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FIG. 2. Yellow-site central-transition NMR linewidth

(FWHM) as a function of temperature, at 8.975 T, showing a
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
pulse?! was applied for the room-temperature measure-
ments. In this case the magnetization recovery has the
form2%22

M(T)=M,(1—0.012¢ ~2%'—0.067¢ ~12#'—0. 185¢ ~3"
—0.430e ~3%t—1.306e ~0") . (1

Here, 2W=(T, )~L and T, refers to the relaxation ex-
ponent observed 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 parame-
ters were adjusted in the fit: the T, the inversion
efficiency, and the asymptote.

A modified method was used for 77 K, due to the rela-
tively long relaxation time. We found numerical solu-
tions 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 MATHEMATI-
CA, and while the exact curve was obtained, the correc-
tions from Eq. (1) were small for T, > T'.

Because of slow relaxation at 4.2 K, a steady-state
method was applied, which is more efficient than inver-
sion 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 re-
laxation process all levels are affected so that the recovery
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FIG. 3. Experimental relaxation data for the NbSe; orange-
site central line, at 77 K, with the theoretical fits. Curves for
the magnetic and quadrupole relaxation mechanisms are de-
scribed in the text.
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curve is different from (1). In this case, an exact analyti-
cal multiexponential expression was derived, containing
more than 50 exponential terms (too long to show here).
An eight-echo Carr-Purcell-Meiboom-Gill*>»?* pulse se-
quence, which has one 90° pulse followed by a series of
180° pulses, was used for 4.2-K measurements. This se-
quence 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 T, decay function, to optimize the signal-to-
noise ratio. The signal strength was then obtained by in-
tegrating over the echo FFT width for each site.

For the transition metals, spin-lattice relaxation in-
volves several hyperfine coupling terms'®?° including s-
contact, core-polarization, and orbital interactions, and
in exceptional cases magnetic dipole and electric quadru-
pole interactions with conduction electrons. Hyperfine
coupling parameters are reasonably well established for
niobium metal.!® Based on well-established band struc-
tures, there is no contribution from s contact in NbSe;.
In addition, band calculations indicate that the terms
[¢k,m|L*|k’,m')|* are negligible because there is no
d,,,d,, mixture at the Fermi surface’~!'"!* in the undis-
torted configuration. This means that the orbital contri-
bution goes to zero. We therefore assume in our analysis
that core polarization is the dominant contribution to the
relaxation, and it has the form?°

1/T,=2y}hk[N(Ep)*HLT , )

where T, is spin-lattice relaxation time, H_, is the
hyperfine core-polarization field, T is the temperature,
N(Ep) is the density of states, while y, is the gyromag-
netic ratio. Interference terms?® will not appear because
there is essentially one orbital of importance, the dzz or-

bital. 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 re-
laxation, but for Nb, this should be small as illustrated by
the result for **Mo in the same row.?> Thus this process
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 corre-
spond to the 90% confidence level obtained from a y? fit.

Additional contributions to T, may come from quad-
rupole coupling to atomic fluctuations. A standard pho-
non contribution is unlikely as the source of T'; observed
here, since the T dependence will be much stronger than
actually observed (Table 1).26 However, further contribu-
tions can come from CDW fluctuations; this has been ob-
served in NQR studies of NbSe; (Ref. 27) just below the
145-K transition, giving a peak in the relaxation rate that
dies out quickly with reduced temperature. A compar-
ison between T'; data from Table I and preliminary nu-
clear quadrupole resonance results?”?® shows no frequen-
cy dependence at 77 K, indicating against such a mecha-
nism at this temperature. Furthermore, a least-squares fit
of the 77-K relaxation data to a quadrupole curve (shown
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TABLE I. **Nb NMR spin-lattice relaxation time (T, ) measured for each site in NbSe;, at different

temperatures, at H=8.975T.

Site Red site (II) Orange site (I) Yellow site (III)
Temperature
292 K 67.3+2.4 ms 21+1 ms 12.6+0.7 ms
77 K 410£22 ms 16519 ms 330+16 ms
42 K 26.6+1.8 s 23.5+1.35 s 18.7+£1.2 s

in Fig. 3 for the orange site), is much less satisfactory
than the magnetic fit. For this fit, the quadrupole relaxa-
tion parameters?® were set so that W,=W,=W, ap-
propriate to fluctuations of the well-established yellow-
site crystal field.?® In this case the solution has the form

M(t)=M,(1—0.012¢ ~2627W1—( 353¢ ~2318M
—0.345¢ ~1821W_( g07e ~ 94 W
—0.482¢ ~330W1) | 3)

ITI. DENSITIES OF STATES AND 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
hyperfine field (H,) equal to —0.18X10° G, which is
the experimental value for NbSe,.>* Theoretical values
for Nb metal range from —0.14X10% to —0.21X10°
G;'%31:32 choosing values in this range will scale N(Ej)
accordingly, although relative changes at the transitions
will be unaffected. Our results show that N(Eg) is re-
duced by 43% when the temperature changes from 292
to 77 K, and is further reduced by 53% when the temper-
ature 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>3® 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(Ep) from Table II, 2.43 states/(eV Nb
atom), is also comparable to the total N(E) calculated
by Shima,'! 1.30 states/(eV Nb atom), for room tempera-
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 previ-
ous theoretical predictions.' 14

Comparing the 77-K to room-temperature results, we
can see that the yellow site exhibits the largest N(Ey)
change due to the 145-K phase transition, which is con-

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 in-
dicate the largest N(E) change for the orange site be-
tween 77 and 4.2 K. However, again all three sites parti-
cipate 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 high-
temperature CDW, which is consistent with the x-ray
scattering-result.>* Thus, some of the electrons that con-
dense at low temperatures must come from the yellow
site. Our total N(Eg) for 4.2 K, 0.65 states/(eV Nb
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(Eg) in Table II somewhat smaller. Low-
energy 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 T'; since CDW broadening is absent for that
site. Thus, such terms must have a small effect on the T}.

Note, however, that our analysis assumed no orbital
contribution, based on band-structure calculations for the
undistorted configuration. Rough agreement between
our total N(Ey) and that of Shima!! tends to confirm this
argument. However, symmetry change below the CDW
transition may modify the band structure sufficiently to
add an orbital term (e.g., adding d,, and d,, contribu-
tions), lowering N(Ef) by a small amount.

It is difficult to reconcile, though, the much smaller
N(Ep) implied by recent specific-heat measurements.
The new value of y <8 ergg™ 'K~ ? implies N(Ey) not
exceeding 0.12 states/(eV Nb 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 NbSe;, in states/(eV Nb atom), deduced

from the NMR T,.

Site Red site Orange site Yellow site
Temperature (ID) (I) (I1I) Total
292 K 1.43 2.55 3.30 2.43
77 K 1.13 1.78 1.25 1.39
42 K 0.60 0.64 0.71 0.65
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ably implying 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 experi-
ment,?? consistently shorter T, values for 77 and 4.2 K
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
of the previous sample.

Additionally, Knight-shift measurements'® have pro-
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
T, evaluation, differences between large core dimagne-
tism, Van Vleck, and core-polarization terms are not in-
volved. 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
studies,'*'® no linewidth change was observed for the red
site, although some N(E;) change was observed. Thus
the apparent conflict with STM (Ref. 17) remains. A pos-
sible resolution for this conflict involves a low-
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.

IV. CONCLUSIONS

We have measured the Nb-site 7', in NbSe; and there-
by resolved the temperature dependence of metallic elec-
trons per chain. We present a microscopic picture of the
two CDW transitions, showing large changes in the den-
sity of states for the yellow and orange sites due to the
145- and 59-K transitions, respectively. CDW broaden-
ing is also exclusive to these two sites, as previously ob-
served. Yet the third site (red site) does exhibit
significant density-of-states changes. We find that band-
structure calculations have successfully predicted the
main features, but certain aspects, particularly the nature
of the pockets remaining at low temperatures, remain un-
resolved.
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