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The relaxation of the transverse nuclear magnetization in the monoclinic phase of NbS; has been studied by

the 2>Nb nuclear magnetic resonance method near the temperature Tp, = 150 K, at which a low-temperature
charge density wave is formed. It has been shown that the critical slowing down of one of the vibrational
modes of the lattice, which is quite slow even above Tp,, occurs slightly below Tp,. The transition at 7p,
occurs not only in low-resistance samples, as thought previously, but also in high-resistance ones, and
involves Nb atoms in the bulk of a sample. The transport properties of high-resistance samples, namely, the
smearing of the depinning threshold for the charge density wave below 7p,, confirm that the phase transition
in them occurs at 7p,. It has been concluded that the distortion of the lattice at 7p, is not due to the Peierls
mechanism and can be attributed to the Keldysh—Kopaev transition. Another possible mechanism is the
fluctuation distortion of the lattice above 7p, that prevents the sliding of the charge density wave.

DOI: 10.1134/S0021364024600435

The monoclinic phase of NbS; (NbS;-II) is
remarkable due to the existence of two charge density
waves CDW-0 and CDW-1 at room temperature and
of the third charge density wave CDW-2 formed at
150 K (see [1] and references therein). The diversity of
charge density waves in NbS;-11I is obviously caused by
a complex structure of the unit cell. Eight chains of Nb
atoms surrounded by trigonal prisms of S atoms inter-
sect the unit cell of this polytype in the (010) section
parallel to the a and ¢ axes. According to the structural
data reported in [2], the area of the unit cell s, in the
(010) section is 180 A2. The formation temperatures of
the charge density waves CDW-0 and CDW-1 are
found to be Tp, =470 K and Tp; = 360 K, respectively,
and the corresponding wave vectors are q, = (0, 0.352,
0) and q, = (0, 0.298, 0) [2—4].

The charge density wave CDW-2 is formed at 7p, =
150 K and is manifested in the transport properties of
only low-resistance samples with the conductivity
6,(300 K) in the range of 10—300 (Q cm)~' [1]. The
formation of the “low-temperature” CDW-2 is mani-
fested in a step of the conductivity 86, near Tp,. The
nonlinear conductivity caused by the sliding of
CDW-2 is observed below Tp,. In this respect, the
transition at 7p, is similar to the transitions observed at

Tp, and Ty, but distortions of the lattice below Tp,
have not yet been observed.

A feature near Tp, was also observed in the studied
of thermal electromotive force [5]. High-resistance
samples below Tp; exhibit properties of intrinsic semi-
conductors, whereas low-resistance samples are simi-
lar to doped semiconductors, where electrons coming
from impurities (defects and vacancies) to the conduc-
tion band are condensed in CDW-2 [5]. Correspond-
ingly, the charge density carried by CDW-2 depends
on the sample. The number of chains in the unit cell
contributing to the current of the charge density wave
can be determined in terms of the ratio of the current
density jopw of the charge density wave to the funda-
mental frequency f of sliding of the charge density
wave [1] as N, = Sojcpw /(2¢ef). The numbers N, for
CDW-1 and CDW-0 are about 1 [1, 3], which seems
reasonable. The number N, for CDW-2 is in the range
of 103—1/3 [1], i.e., less than one chain per unit cell
in any case. Comparing the samples with different
conductivities, we concluded that N, is proportional
to the jump 8o, [1]. A deficit of sulfur was also
observed in low-resistance samples [1].

The photoconductivity of CDW-2 is also anoma-
lous. In contrast to charge density waves in some other
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materials and to CDW-1 in NbS;-I1, the action of near
infrared radiation results in a decrease rather than an
increase in the depinning threshold field E, of this
charge density wave [6].

NbS; whiskers feature numerous stacking faults.
Stacking faults in phase I were reported in [7]. Stack-
ing faults in phase II were observed in a scanning tun-
neling microscope and in a transmitting electron
microscope [4, 8, 9] in the form of atomic rows parallel
to the b axis in the (100) plane. These rows usually dif-
fer in an extra period in the ¢ direction [9]. It was con-
cluded that stacking faults are planes parallel to the
(001) plane, i.e., perpendicular to the ¢ axis along
which the bond is the weakest [8]. The structural
modulation with a period of about 2.1 b is sometimes
observed in the region of stacking faults on scanning
tunneling microscopy images obtained below 150 K
[9]. It was presumably associated with CDW-2, but it
appeared impossible to monitor a change in the struc-
ture of the same region of stacking faults at decreasing
temperature below Tp,.

The resulting hypothetical picture is as follows:
CDW-2 is formed on stacking faults, were sulfur
vacancies are likely concentrated [4, 9]. The larger the
number of vacancies, the higher the concentration of
stacking faults, correspondingly, the charge density of
CDW-2 [1]. Thus, CDW-2 consists of atomically thin
planes located in the bulk of the crystal; i.e., it is a set
of two-dimensional layers. This picture seems more
realistic after the observation of charge density waves
on dichalcogenide monolayers [10—12].

Transitions at 7p, and Tp, were also observed in

NMR experiments [1]. **Nb NMR spectra were mea-
sured in an unoriented “batting” consisting of high-
and low-resistance whiskers. The transition at 7y, is
clearly identified by a change in the Knight shift of the
central NMR line by 0.05% near 360 K, which indi-
cates a change in the carrier density on chains. No shift
of NMR lines was observed near Tp,, but the maxi-
mum relaxation rate of the transverse nuclear magne-

tization T;l was observed near 130 K slightly below the
transition. The feature was attributed to the freezing of
one of the phonon modes, which leads to the periodic
distortion of the electron density at cooling. This con-
clusion is confirmed by the fact that a similar maxi-
mum was observed in NbSe; also slightly below the
formation temperature of one of the charge density
waves (CDW-1) [13]. At the same time, unlike

NbS;-1I [1], the maximum relaxation rate Tl_1 of the
longitudinal nuclear magnetization was in addition
observed in NbSe; at the same temperature.

Since the sample studied in [1] was a mixture of
high- and low-resistance whiskers, we could not
determine in which of them the phonon mode was fro-
zen. Furthermore, the NMR measurements in unori-
ented samples did not indicate which of the nonequiv-

JETP LETTERS No. 6

Vol. 119 2024

445

alent chains in NbS;-II were involved thein transition
at Tp,.

In this work, we perform the NMR study of sam-
ples composed of whiskers oriented along the b axis.
We prepared one predominantly high-resistance sam-
ple and one predominantly low-resistance sample.
The transition near 7p, in both samples is clearly iden-
tified by the maximum in the temperature dependence

T;l(T ) of the relaxation rate of the transverse nuclear
magnetization of **Nb. This transition involves Nb
atoms in all unit cells of NbS;-1I rather than only on
stacking faults. The result is explained under the
assumption that CDW-2 also exists above 150 K but
moves in the state coupled with one-dimensional
fluctuations. It is also confirmed by experimental data
on the transport properties of the high-resistance sam-
ples NbS;-11.

Developing the method used in [1], we prepared
sets of oriented whiskers NbS;-11 from two different
grown series with the prevalence of low-resistance
(sample P2a) and high-resistance crystals (sample P2b)
for measurements. The selected whiskers were care-
fully placed on an adhesive tape in parallel to each
other (see the inset of Fig. 1¢). Then, this tape was cut
into 3-mm-wide strips, which were stacked, so that the
b axes of whiskers were parallel. This allowed measure-
ments in the magnetic field H oriented both along the
crystallographic b axis of the whiskers (H || b) and
across it (H L b). The mass of whiskers in the resulting
samples was slightly below 30 mg. We used a super-
conducting solenoid providing a static magnetic field
of B = 7.5535 T with a uniformity better than 10 ppm
in the studied 20 X 3 X 3-mm samples. A standard
two-pulse sequence of rf pulses was used to measure
spin-echo signals in the region of the central *>Nb
NMR line with a frequency step of 100 kHz, and the
NMR spectrum was then reconstructed by a Fourier
transform [14].

Figure la presents spectra of the central >Nb
NMR line corresponding to the —1/2 — +1/2 transi-
tion for the sample P2a at a temperature of 100 K.
Low-resistance whiskers prevail in this sample. The
measurements were carried out at different repetition
times of the pulse sequence. Three nonequivalent
groups of lines marked by the letters A, B, and C in
Fig. 1a can be identified in the spectra. The intensity
of the line A hardly depends on the repetition time,
whereas the intensity of the line B decreases slightly
with reducing repetition time. Nevertheless, the spin
relaxation times on >Nb nuclei corresponding to both
lines can be considered as small compared to the group
of lines C, which is almost completely suppressed with
decreasing repetition time (see Fig. 1a).

The nuclear relaxation is caused by fluctuating
fields on ®*Nb nuclei, which are induced in the NbS,
compound by charge carriers. Therefore, NMR sig-
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Fig. 1. (Color online) Spectra of the central Nb NMR
line in the samples P2a (low-resistance whiskers) and P2b
(high-resistance whiskers) at 7= 100 and 200 K, at differ-
ent repetition times (RT) of the pulse sequence, and at the

magnetic field orientations H||band H L b.

nals of the A and B lines correspond to the most con-
ducting chains in the sample, whereas >Nb atoms
responsible for the C line are located in nonconduct-
ing regions, which are possibly nonconducting chains.

Figures 1b and 1c¢ show spectra of the central >>Nb
NMR line in the sample P2b, where high-resistance
whiskers prevail, at temperatures of 100 and 200 K in
the magnetic field H oriented both along the axis of
the whiskers H || b and across it (H L b), respectively.
The comparison of Figs. 1a and 1b shows that the
line C observed in the spectra of the sample P2a is
almost absent in spectra of the sample P2b. Such qual-
itative difference between spectra is observed in the
entire studied temperature range from 5 to 400 K. This
indicates that NMR signals of the group of lines C
originate from defect regions and do not belong to the
NbS;-1I phase itself.

We note a change in the form of the spectrum
under the variation of the orientation of whiskers with
respect to the direction of H (see Figs. 1b and 1c),
which reflects the quasi-one-dimensional character of
the NbS; structure [15, 16].

It is clearly seen that the NMR spectra in Fig. 1 at
temperatures 100 and 200 K are almost identical. This
indicates that the electronic surrounding of **Nb
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Fig. 2. (Color online) Temperature dependences of the
relaxation rate of the transverse nuclear magnetization of

93Nb in the samples P2a and P2b at different orientations
of the magnetic field H. The data on poorly resolved
lines A and B for the sample P2b at H || b (see Fig. 1b) are
averaged. Our previous data for the unoriented sample

NbS;-11 are also presented [1].

nuclei is not rearranged near Tp, = 150 K and, conse-
quently, this transition is not accompanied by a
change in the charge and spin states of chains.

Our study of the temperature dependence of the

relaxation rate T;l(T) of the transverse nuclear mag-
netization provided the most significant progress in
the understanding of the transition at 7p,. We mea-

sured the relaxation rate T,' on the central NMR lines
in the samples P2a and P2b in the temperature range
of 100—200 K separately on the lines A and B at the

magnetic field orientation H L b and the averaged T;l
value at the orientation H || b. The relaxation time of
the transverse nuclear magnetization was measured at
the resonant frequency using the standard two-pulse
method by recording the spin echo intensity as a func-
tion of the delay time t between the first and second
radiofrequency pulses. Decay curves of the transverse
magnetization component M(t) were approximated
by the function M (0)exp(—2t/T,).

Figure 2 presents the temperature dependences of
the measured relaxation rate T;l on the lines A and B

for both samples. A maximum of T;l is observed in all
temperature dependences for both groups of lines and

JETP LETTERS Vol. 119 No. 6 2024
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at two orientations of the magnetic field H with
respect to the crystallographic b axis. Figure 2 also

shows our previous measurements of T;l in the unori-
ented NbS;-11I sample [1]. A similarity of features on

all T;l(T ) curves demonstrates a high reproducibility
of experimental data. As in [13], maxima in the case of
NbSe; are reached at temperatures slightly below the
charge density wave formation temperature. This con-
firms that these maxima are due to the transition at
Tp, = 150 K.

We attribute the maximum of T;' with the suppres-
sion of fluctuations with decreasing temperature in the
range of 150—110 K. The relaxation of the transverse
nuclear magnetization is due to fluctuating fields
whose correlation time is comparable with a spin-echo
signal formation time of about 10—1000 ps. Thus,

local maxima observed on the dependences T;l(T) in
Fig. 2 correspond to the freezing of one of the sources
of these fluctuating fields with decreasing temperature
in the range of 110—150 K below the transition: the
characteristic fluctuation times above and below the

temperature of the T;l maximum are too short and too
long to accelerate the transverse relaxation, respec-
tively.

As follows from Fig. 2, the transition at 7p, = 150 K

occurs not only in low-resistance samples, but also
surprisingly in high-resistance ones. In this case, the

maximum of T, is observed on the ®*Nb NMR lines
whose frequencies correspond to conducting Nb chains
in the unit cell (see Fig. 1). This means that the transi-
tion involves at least two of four pairs of Nb chains in
all unit cells of NbS; rather than only Nb atoms near
defects of the crystal [4].

Values ofT;1 (see Fig. 2) confirm that the compo-
sitions of the samples P2a and P2b are different: the

comparison of the same lines indicates that T;' in the
sample P2a is higher than that in the sample P2b. This
means the prevalence of relatively low-resistance
whiskers in the sample P2a.

Curves in Fig. 2 have also other features. The
observed nuclear relaxation rates for the line A are
higher than those for the line B, which corresponds to
a higher free carrier density on A-type chains, as men-
tioned above. For both samples, the maximum of

T;l(T ) for the line B is reached at a temperature about
10 K below that for the line A, which can also be
explained by longer relaxation times on B-type chains:
the frequency of fluctuations becomes equal to the
inverse relaxation time of this line at lower tempera-

tures. It is also noteworthy that T,' values at the orien-
tation H || b are higher than those at the orientation
H 1 b. This can be interpreted as a small anisotropy of
fluctuating fields on ?>Nb nuclei: the amplitude of
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fluctuating fields along the b axis of chains is larger
than that across the b axis.

The relaxation rate of the longitudinal nuclear

magnetization of TI_I(T ) was also measured at different
temperatures, but the corresponding temperature
dependence exhibits no local maxima near the transi-
tion temperature 7p, = 150 K. The maximum longitu-
dinal relaxation rate should be generally observed
under the condition that the frequency of fluctuating
fields coincides with the frequency 79 MHz of the
observed NMR signal. Unlike the relaxation of the
longitudinal nuclear magnetization, the relaxation of
the transverse nuclear magnetization is due to slower
fluctuating fields whose correlation time is about sev-
eral microseconds. The absence of the maximum in

the Tl_1 (T) dependence can mean that the lattice vibra-
tions belonging to the mode frozen at Tp, are suffi-
ciently slow even above Tp,, and do not affect the
relaxation of the longitudinal nuclear magnetization at
any temperatures. This is an important difference of
the transition in NbS;-IT at 150 K from the transition
in NbSe; at 140 K [13].

The relaxation rate T;l is almost doubled in NbSe;
[13], whereas it increases only by approximately 30%
in NbS;-1I. This can mean that the source of fluctua-
tions is minor or remote. Furthermore, as seen in
Fig. 1, the positions of >Nb NMR spectral lines do
not change in the temperature range of 100—200 K.
This indicates that magnetic fields on nuclei remain
unchanged. Therefore, the fluctuating field disap-
pearing near 130 K is most probably electric.

Thus, the observation of the maximum in the tem-

perature dependence of the relaxation rate T;l on all
NMR lines means that the appearance (or critical
slowing-down) of a certain ordering involving all types
of conducting chains occurs near 7p, = 150 K in both
low- and high-resistance NbS;-II samples. For this
reason, we more carefully analyzed the transport
properties of high-resistance NbS;-11 samples. The
o,(7) dependence for such samples follows an activa-
tion law from 330 K down to at least 75 K. The maxi-
mum activation energy A = 2000 K is observed in
samples without signatures of the transition at 7p, [1,
5] in agreement with photoconductivity data: 2A =
430 meV (2 x 2500 K) [17]. The current—voltage char-
acteristics of high-resistance NbS;-II samples are
nonlinear in the range from 7p; down to liquid helium
temperatures [6]. In entire this temperature range,
nonlinearity is due to the sliding of CDW-1. This is
clear, in particular, from the temperature dependence
ofthe threshold field E;: as seen in Fig. 3, the threshold
field, which was identified by the beginning of nonlin-
earity, increases linearly with a decrease in the tem-
perature from 300 to about 30 K. It is noteworthy that
such a E,(7T) dependence is not observed in other
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Fig. 3. (Color online) Temperature dependences of the
threshold field E; for the high-resistance samples NbS5-11I
no. 1 (22 um x 0.01 um?), no. 2 (18 um x 0.01 um?), and
no. 3 (30 um x 0.007 um?).

quasi-one-dimensional charge density wave conduc-
tors. A nearly linear E,(7T) dependence was previously
observed only in rare-earth tritellurides, which are
quasi-two-dimensional compounds [18, 19].

Although significant features near 150 K are not
seen in E,(T) dependences (see Fig. 3), the smearing of
the threshold is observed in the current—voltage char-
acteristic below 150 K: the depinning of CDW-1
becomes less sharp. This is seen in Fig. 4, where the
dependences of the differential conductivity 64 on the
voltage V are shown for one of the samples. To quanti-
tatively describe the smearing, the 64(£) curves in the
field region below the threshold were approximated by
a quadratic polynomial 64(F)/64(0) = 1 + kE?. The
temperature dependence of the coefficient k is shown
in the inset of Fig. 4 for two high-resistance samples.
It is seen that the increase in smearing begins just near
150 K; i.e., this temperature is also specific for the
high-resistance samples.

Trying to consistently explain experimental data,
we assumed that the phase transition with the forma-
tion of a superstructure occurs in all NbS;-II samples
at 150 K through a non-Peierls mechanism. One of the
possibilities is a Jahn—Teller transition (see, e.g., [20]).
The lattice distortion in high-resistance samples
weakly affects transport properties. In particular, the
smearing of the threshold field of CDW-1 below 150 K
can be due to the reduction of the symmetry of the lat-
tice. The wave vector of lattice distortion q, in low-
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Fig. 4. (Color online) Differential conductivity 64 versus

the voltage V for sample no. 2 at 7= (from bottom to top)
101, 115, 139, 151 (marked by circles), 173, 193, 206, 226
247, and 297 K. The inset shows the temperature depen-
dences of the parameter k (see the main text) characteriz-
ing the degree of smearing of the current—voltage charac-
teristic below £; for samples (O) no. 2 and (%) no. 3. Solid

lines are drawn by eye.

resistance samples is close to the doubled Fermi wave
vector for electrons remaining free below 7p,. These
electrons can be coupled to sulfur vacancies and be
located in minibands (“pockets”), which are associ-
ated with defects of the lattice. Thus, these electrons
below Tp, are in a dielectric state and form CDW-2.

A more probable mechanism of the lattice distor-
tion is a Keldysh—Kopaev transition [21], which is also
known as the formation of an excitonic insulator [22].
It was assumed in [1] that a mechanism of the transi-
tion, which was proposed for a narrow-gap semicon-
ductor, occurs at 7p,; NbS;-II below two Peierls tran-
sitions (at 7p, and Tp;) can be such a semiconductor.
According to [23], this transition, as well as the Peierls
transition, can be considered as one of the particular
cases of the formation of the excitonic insulator. The
transition in the narrow-gap semiconductor is possible
if the band gap is smaller than the exciton binding
energy. In this case, excitons are spontaneously
formed and a new electronic state is developed. If the
maximum and minimum of the hole and electron
bands in the k space are shifted, the vector connecting
them determines the wave vector of a possible charge
modulation, i.e., an excitonic charge density wave. If
the Fermi level is near the middle of the band gap,
which corresponds to the case of the stoichiometric
composition of NbS;, the sample is in the dielectric
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state already above Tp,, and the transition is hardly
observed in 6 (7).

Although the sliding of such charge density wave
has not yet been discussed, it can be assumed that it is
possible. This charge density wave in the intrinsic
semiconductor is uncharged, i.e., contains the same
numbers of electrons and holes. This is clear from the
electron—hole symmetry of the system. The excess of
electrons arises in samples with sulfur vacancies, and it
has been assumed that the charge density wave
becomes charged with the charge density proportional
to the degree of doping by S vacancies. This mecha-
nism explains the bulk character of CDW-2, the uni-
versality of its formation in NbS;-1I samples of all
types, and the variation of the ratio j-pw/f in a wide
interval [1].

We also mention the recent processing of X-ray
diffraction data obtained on NbS;-II crystals in syn-
chrotron radiation. Diffraction patterns were recorded
in a wide temperature range with a step of 10 K. It was
found that a diffuse satellite with the components
n(4c*) + m(a* — c¢), where n and m are integers, and the
component 0.5b* is observed at temperatures 7" =
150 K. The appearance of the reflection 4c¢* corre-
sponds to a decrease in the period along the ¢ axis by a
factor of 4. Thus, the parameters of a fluctuation-
induced structure correspond to the NbS; phase-I
unit cell [2]. The possibility of a continuous transition
to phase I is consistent with the model [24], according
to which the unit cell of the structure of phase II can
be approximately obtained by the quadruple replica-
tion of the unit cell of the basic structure of the NbS;
phase I in the ¢ direction. Taking into account these
data, the NMR results can be interpreted as follows:
the mode frozen below 150 K corresponds to the fluc-
tuation approach of phase 1I to phase I. Doubling in
the b direction above 150 K confirms this assumption.
Fluctuations suppress CDW-2 above 150 K and can
lead to an increase and smearing of the depinning
threshold field of this charge density wave. This expla-
nation remains the nature of CDW-2 itself open.

To conclude, the freezing (critical decrease in the
frequency) of a certain minor mode equidistant from
Nb atoms located at all sites of the lattice, which do
not belong to defects of the crystal, occurs in NbS;-11
samples of all types at Tp, = 150 K. This lattice distor-
tion explains the appearance of CDW-2 in low-resis-
tance NbS;-11 samples and the smearing of the depin-
ning threshold field of CDW-1 below Tp, in high-
resistance samples.
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