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Cluster charge-density-wave glass in hydrogen-intercalated TiSe,

Giacomo Prando®,"-" Erik Piatti ®,2 Dario Daghero ,2 Renato S. Gonnelli ®,2 and Pietro Carretta®!
'Dipartimento di Fisica, Universita degli Studi di Pavia, I-27100 Pavia, Italy
2Department of Applied Science and Technology, Politecnico di Torino, I-10129 Torino, Italy

® (Received 16 May 2023; revised 24 July 2023; accepted 17 August 2023; published 5 September 2023)

The topotactic intercalation of transition-metal dichalcogenides with atomic or molecular ions acts as an
efficient knob to tune the electronic ground state of the host compound. A representative material in this sense
is 1T-TiSe,, where the electric-field-controlled intercalations of lithium or hydrogen trigger superconductivity
coexisting with the charge-density-wave phase. Here, we use the nuclear magnetic moments of the intercalants
in hydrogen-intercalated 17-TiSe, as local probes for nuclear magnetic resonance experiments. We argue that
fluctuating mesoscopic-sized domains nucleate already at temperatures higher than the bulk critical temperature
to the charge-density-wave phase and display cluster-glass-like dynamics in the MHz range tracked by 'H
nuclear moments. Additionally, we observe a well-defined independent dynamical process at lower temperatures
that we associate with the intrinsic properties of the charge-density-wave state. In particular, we ascribe the
low-temperature phenomenology to the collective phasonlike motion of the charge-density wave being hindered
by structural defects and chemical impurities and resulting in a localized oscillating motion.

DOLI: 10.1103/PhysRevMaterials.7.094002

I. INTRODUCTION

The wide range of electronic properties characterizing
transition-metal dichalcogenides (TMDs) makes these ma-
terials remarkably interesting from both fundamental and
application-oriented perspectives [1-5]. The representative
chemical formula of TMDs is MX,, where M and X are
transition-metal and chalcogen elements, respectively. In spite
of their vast chemical variety, TMDs share a common crys-
tallographic structure resulting from the stacking of MX,
trilayers. Each trilayer is composed of an atomically thin
layer of M ions sandwiched between two closely packed lay-
ers made of X ions covalently bonded with the M ions [6].
The stacked trilayers interact among them via weak van-der-
Waals—like forces, the covalent-bond-free interface between
different trilayers being referred to as the van der Waals gap.
As aresult, TMDs can be conveniently exfoliated down to the
single-trilayer, two-dimensional limit. The layered structure
makes TMDs suitable hosts for topotactic intercalation with
atomic or molecular ions as well as neutral molecules [7]. The
interest for intercalated TMDs is their potential as solid ionic
conductors [8—10] and, at the same time, the efficient control
on the electronic properties of the host material offered by the
intercalation [11-18].

A prototypal example in this sense is 17-TiSe,. The
pristine composition has been investigated extensively since
the 1970s after the first reports of a commensurate 2x2x2
charge-density-wave (CDW) state developing from a high-
temperature semimetallic phase [19,20]. The historical rel-
evance of this discovery, together with similar observations
in other TMDs, was the departure from the then-accepted
paradigm, due to Peierls, of the CDW transition being spe-
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cific to one-dimensional systems simultaneously undergoing
a metal-to-insulator phase transition—both aspects being vio-
lated in TMDs [21-29]. Although the transition temperature
to the CDW phase is Tecpw ~ 200 K, a gap opening was
reported in limited portions of the Fermi surface already
at higher temperatures [30,31], consistent with the obser-
vation of higher transition temperatures to the CDW state
in the single-trilayer limit [32-34]. The properties of the
CDW phase in pristine 17-TiSe, are highly peculiar [35,36],
and, almost 50 years after its first observation, the discus-
sion on the main driving microscopic mechanism underlying
such a state—electron-phonon coupling as opposed to exciton
condensation—is still ongoing [37-50].

The electronic properties of the pristine 17-TiSe, com-
position can be tuned by physical and/or chemical means.
Superconductivity with critical temperatures around a few
Kelvins is triggered by pressure [51], electric-field-induced
charge doping [52], and by intercalation using different
atomic ions [53-55]. The CDW phase is suppressed by
electric-field-induced charge doping [52], copper interca-
lation [53], and titanium self-doping [56]—however, the
electric-field-controlled intercalation using lithium [54] and
hydrogen [55] does not alter the Tcpw value estimated
by means of electrical transport measurements. Remark-
ably, a structure of nanoscopic domains with alternating
commensurate-incommensurate CDW phases emerges in
1T-TiSe, when perturbed by electric fields or by the Li in-
tercalation, the superconducting state being possibly confined
to the incommensurate-CDW domains [52,54]. In spite of the
detailed description of the spatial intertwining of different
phases at low temperatures, a microscopic investigation of the
high-temperature CDW state in the intercalated systems is still
missing.

In this work, we use the magnetic moments of 'H nu-
clei in hydrogen-intercalated 17-TiSe, as local probes for
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nuclear magnetic resonance (NMR) experiments. Based on
our modeling of the temperature dependence of the spin-
lattice relaxation rate of the 'H nuclear magnetization, we
argue that a cluster CDW glass state is realized in the high-
temperature limit, favored by the disordered configuration
of the intercalants. Our evidence suggests that fluctuating
mesoscopic-sized domains nucleate already at temperatures
higher than Tcpw, slowing down towards a percolating CDW
state throughout the sample and resulting in slow dynamics
in the MHz range tracked by the 'H nuclear moments. Ad-
ditionally, we observe a well-defined independent dynamical
process at lower temperatures that we associate with the in-
trinsic properties of the CDW state. In particular, we argue
that the collective phasonlike motion of the CDW is hindered
by structural defects and chemical impurities acting as pinning
centers, resulting in a localized oscillating motion detected by
the nuclear moments.

II. EXPERIMENTAL DETAILS AND RESULTS

We protonated flakelike 17°-TiSe, single crystals (HQ
Graphene) immersing them in a Duran crucible filled with 1-
ethyl-3-methylimidazolium tetrafluoroborate (Sigma Aldrich)
immediately after cleavage and applying a gate voltage 3 V
between a platinum electrode and 17°-TiSe; [55]. For this aim,
the crystals were electrically contacted via a small droplet of
silver paste (RS components). All the samples were gated in
ambient atmosphere and at temperature 7 = 300 K, using the
gating time as a knob to control the protonation state [55]. Af-
ter the gating process, we thoroughly rinsed the crystals with
acetone and ethanol and stored them in a vacuum dessicator.

We performed pulsed 'H NMR experiments [57-61] at
two fixed values of magnetic field (uoH = 1.95 and 3.46 T).
The field was oriented parallel to the crystallographic ab
planes of a collection of six stacked protonated 17-TiSe,
crystals (gating time 60 min), each with approximate surface
~2x2 mm?. We controlled the sample temperature with a
dynamic continuous-flow cryostat using either liquid helium
or liquid nitrogen, quantifying the temperature value using a
thermocouple end close to the sample site. The data shown in
the text belong to several cooling and warming cycles, and
in order to maximize the reproducibility of the results, we
always aimed at comparable thermal protocols. In particular,
we cooled the sample in-field down to the lowest attainable
temperature (depending on the cryogenic liquid being used)
and settled the temperature on warming to perform each mea-
surement.

We base all our results on the conventional inversion-
recovery sequence of radiofrequency pulses shown in Fig. 1
(inset). The two /2 pulses, with typical length ~1 ps and
separated by t, >~ 30 us, generate a solid echo at time 7, after
the second pulse. The sign and amplitude of the echo depend
on the variable time 7 between the inversion 7 pulse and the
first r /2 pulse. For each 7 value, the sequence is repeated and
the signal cumulated until a satisfactory signal-to-noise ratio
is achieved. The second half of the echo signal is fast-Fourier-
transformed and the integral / of the transform is reported
as a function of t to obtain the time recovery of the nuclear
magnetization towards the state of thermal equilibrium—see
Fig. 1 for representative data. In the case of spin-1/2 nuclei,
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FIG. 1. Representative recovery of the 'H nuclear magnetization
towards the thermodynamic equilibrium as a function of the time
elapsed between the 7 pulse and the first 77 /2 pulse. I represents the
integral of the fast-Fourier-transformed echo shown later in the inset
to Fig. 2. The continuous line is a best-fitting function according to
Eq. (1). The inset shows a scheme of the pulsed inversion sequence
used to perform the measurements discussed throughout the text
(time durations are not in proportion).

the expected recovery for the nuclear magnetization M is
purely exponential according to the following function [60]:

B
M(z) = M(0) + AM [1 — exp [-(%) “ (1
1

from which the spin-lattice relaxation time 7 is quantified.
The fitting function in Eq. (1) accounts for possible deviations
of the pulse lengths from their ideal values, resulting in an
imperfect initial inversion of the nuclear magnetization. Also,
Eq. (1) accounts for possible deviations from the expected ex-
ponential behavior through the empirical stretching parameter
B, thus accounting for nonhomogeneous local environments
probed by the nuclei. Finally, the fast-Fourier-transformed
echo for the longest t value, i.e., such that the thermal equilib-
rium is attained, is fitted using an empirical Gaussian function

2
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wV w
in order to quantify the linewidth w—see the inset to Fig. 2
for representative data (v, is the Larmor frequency and A
is the subtended area). Importantly, the repetition time 7, is
calibrated in every measurement so that 7, 2 577 to allow the
nuclear magnetization to reach the equilibrium state before

starting the pulsed sequence over again.

We report the dependence of the spectral width w on tem-
perature in Fig. 2. The linewidth is approximately constant
below ~240 K and it sharply gets much narrower at higher
temperatures. In spite of the sizable error bars, it is possible
to detect a weak, field-independent increase of the linewidth
upon cooling the sample below ~100 K. The dependence of
1/T; on temperature is shown in Fig. 3 for the two values
of magnetic field. Although not shown explicitly, the stretch-
ing parameter takes values B ~ 0.9 £ 0.05 within the whole
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FIG. 2. Inset: the blue curve is the fast Fourier transform (FFT)
of a representative echo signal at long recovery times. The black
curve is a best-fitting of the data using the function in Eq. (2).
Main panel: dependence of the spectral width on temperature. The
continuous line is obtained from Eq. (6) (see the discussion later on
in the text). The dashed line is a guide to the eye.

investigated temperature window without any detectable
trend. As prominent features, we notice a local maximum at
around 70 K followed by a marked peak at around 180 K. The
amplitude as well as the position of these peaks are dependent
on the magnetic field. In spite of the comparable thermal pro-
tocols used to perform our measurements, we stress that the
spin-lattice relaxation rate shows effects of thermal history, as
highlighted in the inset to Fig. 3. In the following analysis, we
will refer to the lower branch (red stars) because of an overall
agreement shown between cooling cycles using liquid nitro-
gen and helium (with the exception of one specific cooling
cycle using liquid nitrogen, denoted with yellow stars).
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FIG. 3. Main panel: dependence of the spin-lattice relaxation
rate on temperature at different values of the magnetic field. The
continuous lines are the results of a global curve fitting based on
Eq. (5). The dashed lines are the results of a global curve fitting based
on Eq. (5) assuming a flat distribution for the activation temperature
Yur—see Eq. (AS). Inset: thermal-history effects on the spin-lattice
relaxation rate observed for different cooling runs.

III. MODELING THE SPIN-LATTICE RELAXATION RATE

The nuclear spin-lattice relaxation rate is proportional
to the spectral density J(wg) of the fluctuating local mag-
netic field at the nuclear site in the directions orthogonal to
the quantization axis, and calculated at the Larmor angular
frequency w; = 2wy [57,60]. Assuming that the autocor-
relation function for the fluctuations of the local field is
an exponentially decaying function leads to a conventional
Lorentzian functional form for the spectral density [62]

T

J(w)= —5—
(@) 1 + w272

3)
governed by the correlation time 7, characterizing the dynam-
ics. In the particular case of the relaxation being driven by
the time modulation of the nuclear dipole-dipole interaction,
the following Kubo-Tomita (KT) formula is valid for the spin-
lattice relaxation rate [57,63]:

T, ()T = ClJ(wp) + 4 T 2wy, )

where the factor C ~ y?(AB?) includes the mean-square am-
plitude of the transverse fluctuating field AB and the proton
gyromagnetic ratio y. Accordingly, we write

T7NT) =T (T + T (Tin Q)

to account for the two independent processes observed at
low and high temperature in the experimental data (LT and
HT, respectively). Assuming t.pr = 7o.rexp(dur/7T) and
Teut = To.ut eXxp(Wur/T), i.e., an Arrhenius-like dependence
on temperature for both the correlation times with activation
temperatures 9y and Jyr, gives us a fitting function to de-
scribe the experimental data in Fig. 3.

The results of a global data fitting based on Eq. (5), shar-
ing all the fitting parameters except the Larmor frequencies
between the two data sets, are shown in the main panel of
Fig. 3 as continuous lines. The numerical results of the fit-
ting parameters are reported in Table I. The agreement with
the experimental data is satisfactory in spite of the deviation
observed for T < 80K for the high-field data. We stress that
the slowing down of a time-modulated nuclear dipole-dipole
interaction should be reflected in an extra broadening of the
spectral linewidth upon decreasing temperature based on the
expression [57]

2
w? = zﬂﬂ arctan (mwt,), (6)
where wy is the rigid-lattice linewidth. We solved Eq. (6)
using the fitting parameters estimated from the global-fitting
procedure described above and, in particular, the numerical
values defining 7, yr. The result is shown by the continuous
line in the main panel of Fig. 2. In spite of the sizable error
bars, the experimental data are consistent with the expected
trend. A similar increase in the linewidth is expected at even
lower temperatures based on Eq. (6) using . r—however,
our experimental data at low temperatures are not dense
enough to resolve the expected behavior.

The quality of the global fitting in the main panel of Fig. 3
can be improved by assuming a statistical distribution of cor-
relation times 7, yr. For this aim, a straightforward way to
proceed is to assume a well-defined value for tpyr and a
flat, square distribution of activation energies ¥yt extended
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TABLE 1. Results of the fitting procedures based on Eqs. (5) and (AS5) for the 1/7; data shown in Figs. 3 and 4.

Cir (108 572) To,LT (10710) trr (K) Cur (108 s72) T0,HT (107Bs) ur (K) 89ur (K)

Current sample 4.44+0.1 6.1+£0.2 65+1 6.5+0.1 12+1 1210 £ 20 0 (fixed)
4.44+0.1 6.24+0.2 65+1 8.34+0.2 1.2+0.1 1650 + 10 320 £ 20

Sample from Ref. [55] 412404 0.59 £+ 0.01 24.0£0.5 15+1 13+5 1040 4+ 60 350 + 30

over the window (dyr — §VyTt, Vur + §9ur). The analytical
result is derived in Appendix A. Plugging Eq. (A5) for the
HT process in Eq. (5) and repeating the global data fitting
results in the dashed lines in Fig. 3. The numerical results of
the fitting parameters are reported in Table I.

IV. DISCUSSION

Based on the results reported in Ref. [55], we expect dif-
ferent possible microscopic intercalation sites for hydrogen in
1T-TiSe,—i.e., within the van der Waals gap and inside the
trilayers—as well as multiple microscopic configurations for
the intercalants. In particular, we expect regions with occupied
intercalation sites as well as regions without intercalants—at
the same time, Raman spectroscopy evidences a partial inter-
calation of molecular hydrogen [55].

Overall, hydrogen is intercalated in a highly disordered
configuration, which leads to a single spectral contribution
in our NMR measurements, as highlighted in the inset to
Fig. 2. Still, the dependence of the spectral linewidth on tem-
perature is still highly instructive. In particular, we interpret
the sharp decrease of the spectral linewidth upon increasing
temperature above ~240 K as a motional-narrowing effect as-
sociated with the diffusion of the intercalated hydrogen ions.
More precisely, we argue that the condition 271w7:cdiff > 1
(i.e., rcdiff > 5 us) is satisfied for T < 240 K, where rfiff is
the correlation time characteristic of the hydrogen diffusion
throughout the lattice. To reinforce our interpretation, we no-
tice that our results are in perfect qualitative agreement with
previous continuous-wave NMR measurements on hydrogen-
intercalated 17-TiS, [64]. This latter material is of particular
importance for our aims since it is isostructural to 17-TiSe;
and, interestingly, it does not show any transition to a CDW
phase. Based on these arguments, we safely conclude that the
hydrogen ions form a rigid lattice integral with the 17-TiSe,
host crystal lattice for T < 240 K, i.e., where we observe all
the features that we are going to discuss below.

Before proceeding with the interpretation of our data, it
is interesting to compare the current results with the de-
pendence of 1/7} on temperature at uoH = 3.46 T reported
previously in Ref. [55] for another collection of stacked pro-
tonated 17'-TiSe, crystals (gating time 30 min—see Fig. 4).
Our previous interpretation of those data was based on the
Korringa-like linear trend between 80 and 170 K, suggesting
that the deviations at higher temperatures could be due to a
reconstruction of the Fermi surface resulting from the CDW
state onset [55]. Such an interpretation was motivated by the
observation of generalized Korringa trends both in pristine,
isotopically enriched TiSe, measured by 7’Se NMR [65] as
well as in other TMDs such as VSe,, VS,, and IrTe, [66-68].
The additional marked peak at lower temperature was re-
ported for pristine TiSe;, as well [65]—although its origin has

remained, to the best of our knowledge, elusive [69]—clearly
suggesting that our 'H NMR measurements are directly prob-
ing the intrinsic dynamics of TiSe,. However, at this stage,
the new currently discussed results urge us to reinterpret all
the data within the same model. In particular, it is clear
that the spin-lattice relaxation rate should be described for
all the samples in terms of two well-defined maxima located at
low and high temperatures, respectively, the latter seemingly
correlating with Tepw. The result of a best-fitting procedure
based on Egs. (5) and (AS), again assuming a flat distribution
of correlation times for the HT process, is reported as a dashed
line in Fig. 4 (and the resulting fitting parameters in Table I)
showing a satisfactory agreement with the experimental data.
In spite of the major quantitative differences between the two
samples, we argue that the underlying mechanisms leading to
the spin-lattice relaxation are the same.

A. High-temperature peak

We focus on the 7 2 100 K limit first. In spite of the
limited amount of experimental data, the results for pristine
TiSe, in Ref. [65] do not highlight any well-defined maxi-
mum in the spin-lattice relaxation rate for 7 2 100 K, thus
suggesting that the currently observed feature is specific to
the hydrogen-intercalated system. The broad shape of the
temperature dependence of 1/7;, together with the charac-
teristic dependence on the magnetic field, suggest that the
origin of the observed maximum should not be associated
with any critical dynamics. Consistently with the observation
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FIG. 4. Dependence of the spin-lattice relaxation rate on temper-
ature at oH = 3.46 T for the current sample (red stars, same data as
in Fig. 3) and for another hydrogen-intercalated TiSe, sample mea-
sured previously (gray triangles, data from Ref. [55]). The dashed
lines are the best-fitting curves based on Egs. (5) and (AS), assuming
a statistical distribution of correlation times only for the activation
temperature 9yt (the red curve is the same as in Fig. 3).
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on the narrowing of the spectral linewidth, it is unrealistic
to associate such dynamics with the diffusion of the interca-
lated ions as, based on our comments above, the condition
1/79% <« wy is satisfied at least up to ~240 K. Consistently
with these arguments, we stress that several systems with a
comparable structure and chemical formula show diffusion-
related maxima in 1/7] at higher temperatures if compared to
our observations [70-76].

In light of the arguments above, it is a natural assumption
that the—presumably sample-dependent—intrinsic disorder
associated with the intercalation process is reflected in a short-
range-ordered CDW phase [77,78]. Here, the order is confined
within correlated mesoscopic islands lacking phase coherence
among themselves at high temperatures until long-range order
is recovered for T < Tcpw. The slow dynamics of the dis-
ordered state, corresponding to a CDW glass [79] or—more
precisely—cluster glass, results in a noncritical peak in the
spin-lattice relaxation rate consistent with our observations
[80,81]. The persistence of the contribution to 1/7; at tem-
peratures well above Tepw could imply that the intercalation
process favors the insurgence of a segregated, preemptive
CDW state at high temperatures, amplifying the tendency
of the system towards the order implied by the partial gap
opening for T > Tepw [30,31].

Within this scenario, two different mechanisms can be
identified in order to justify the relaxation mechanism for the
nuclear ensemble. On the one hand, the dynamics of the CDW
clusters would induce a slow, noncritical local dynamics of the
lattice and of the intercalated hydrogen ions, in turn. In this
view, a conventional nuclear dipole-dipole relaxation among
the intercalated ions would be induced and drive the spin-
lattice relaxation—thus justifying the use of Eq. (4) above.
Another possible mechanism is the time modulation of the
Knight shift distribution induced by the CDW state [82,83].
The lack of any dependence of the extra linewidth broadening
for T < 150 K on the magnetic field (see Fig. 2) seems to rule
out the latter mechanism in favor of the nuclear dipole-dipole
relaxation.

B. Low-temperature peak

We now focus on the peak in 1/7; observed for T < 100 K
in Figs. 3 and 4. As mentioned above, this maximum as
well as a frequency-dependent anomaly in the internal fric-
tion were observed in the same temperature range in pristine
TiSe, [65,84,85]. This is a strong hint that the phenomenology
observed by our experiments is not induced by the hydro-
gen intercalation but that it should rather be related to the
intrinsic electronic properties of 17'-TiSe,. Another interest-
ing observation comes from copper-intercalated Cu,TiSe;.
It is well known that increasing the amount of intercalated
copper acts as an efficient knob to progressively weaken the
CDW state until its full suppression for x >~ 0.06 while su-
perconductivity develops for x 2 0.04 [53]. That said, it is
remarkable that the spin-lattice relaxation rate measured by
7Se NMR in two Cu,TiSe, samples where the CDW state
is strongly suppressed or even absent only shows a well-
defined Korringa-like linear dependence on temperature over
the entire accessed range down to low temperatures [86].
Associating the well-defined low-temperature peak in 1/7;

with the intrinsic properties of the CDW is consistent with
this latter observation. We stress that the local detection of
intrinsic CDW features at the hydrogen site confirms that the
phase segregation of CDW-ordered, hydrogen-poor regions
and superconducting, hydrogen-rich regions—with progres-
sive volume redistribution within the two as the protonation
time increases—is not the correct model to describe the state
realized by the intercalation, as already argued in [55].

Having excluded that the low-temperature maximum in
1/T; arises from a change in the electronic structure or from
the onset of magnetism [19,55,65,87,88], a possible expla-
nation for our results is that the spin-lattice relaxation is
influenced by the low-frequency dynamics of the CDW itself.
Indeed, the collective excitations of the CDW state (i.e., phase
modes and amplitude modes) can influence the spin-lattice
relaxation [89-91]—however, some words of caution are in
order. The vast majority of the results have been obtained
using quadrupolar nuclei that couple directly with the local
electric-field gradients and lattice distortions generated by the
CDW state [92-98]. In our current case of "H-NMR, we argue
that the mechanism underlying the spin-lattice relaxation is
due to a time-modulated nuclear dipole-dipole interaction due
to a time-modulated lattice distortion induced by the CDW
dynamics (see above).

At the same time, it is well known that collective phase-
mode excitations are not free to slip throughout the system
in the case of a commensurate CDW state [91] akin to the
one realized in TiSe,, where the lattice is particularly effi-
cient in pinning the spatial modulation of the charge. For this
reason, we assume that the CDW state is localized but still
able to oscillate around its equilibrium position as a result
of thermal excitations. In this case, the time-dependent oscil-
lations of the CDW can induce an efficient relaxation when
the characteristic correlation time of the dynamics matches
the inverse of the Larmor frequency. We expect that this
phenomenology is strongly influenced by the level (and, more
in general, the strength) of impurities, structural defects, and
disorder in the system [77,99-102], acting as pinning centers
for the CDW state. Both the sample-dependent position and
amplitude of the low-temperature peak as well as the observa-
tion of clear thermal-history hysteretic effects are consistent
with this expectation [103]. Based on this interpretation, the
observation of a higher dyr value for the current data—if
compared to the results reported in Ref. [S5]—suggest that
the currently investigated sample contains a much higher
degree of impurities and structural defects. This expectation
is seemingly confirmed by the dependence of the electrical
resistivity (p) on temperature (see Ref. [55]) and by the
residual resistivity ratio (RRR), p(295 K)/py, characteristic
of the two samples (pg being the residual resistivity just before
superconductivity sets in). RRR >~ 9.3 for the current sample,
while RRR =~ 12.1 for the sample studied in Ref. [55], con-
sistently with a lower degree of impurities and defects in the
latter case.

V. SUMMARIZING REMARKS AND CONCLUSIONS

We discussed the results of 'H nuclear magnetic reso-
nance experiments on hydrogen-intercalated TiSe; crystals. In
this system, the intercalation induces robust and nonvolatile
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superconductivity, as shown in Ref. [55]. Our current results
suggest that the disorder associated with the intercalation
induces an inhomogeneous charge-density-wave phase. In
particular, we argue that stable mesoscopic charge-density-
wave-ordered regions lacking phase coherence among them
nucleate already at temperatures higher than the bulk tran-
sition temperature Tcpw. The noncritical dynamics of this
cluster-glass charge-density-wave state influences the spin-
lattice relaxation of the 'H nuclear magnetization, showing
a well-defined Kubo-Tomita-like trend with a characteris-
tic dependence on temperature and on the magnetic field.
Additionally, we reported clear evidence of an additional
anomaly in the spin-lattice relaxation rate at low temperatures
akin to what was reported for the pristine TiSe, composi-
tion in Ref. [65] and whose origin should be related to the
intrinsic properties of the charge-density-wave phase. The
low-temperature dynamics is strongly sample-dependent and
is likely associated with the complicated interplay of the
charge-density-wave state with pinning centers such as impu-
rities and structural defects. Further complementary insights
into the charge-density-wave dynamics could be obtained
performing "Li nuclear magnetic resonance experiments on
lithiated TiSe,, exploiting the nonvanishing quadrupole mo-
ment of "Li nuclei and its direct coupling to local electric-field
gradients and lattice distortions generated by the charge-
density-wave phase.
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APPENDIX: GENERALIZATION OF THE KUBO-TOMITA
EXPRESSION IN THE PRESENCE
OF A CONSTANT DISTRIBUTION
OF ACTIVATION TEMPERATURES

The well-known Kubo-Tomita expression for the spin-
lattice relaxation induced by the nuclear dipole-dipole inter-
action can be written as follows [63]:

I c T, n 4z, (AD)
T, l+wit? 1440712

with contributions from the spectral density J(w) for the
fluctuations of the local magnetic field perpendicular to the
quantization axis calculated at w; and 2w;. Assuming an
Arrhenius-like temperature dependence for the correlation
time 7, = toexp(¥/T) and substituting in Eq. (Al), it is
straightforward to show that

! < h v + In( ) B
—_ = — COos — n T
Tl 2a)L T @LTo

—1
+2 |:cosh (? + ln(Zth0)>] } (A2)

The effect of a distribution of correlation times (and, in
particular, of activation energies) can be accounted for by
considering the expression

1 c [t A !
— = h(=+1
i 201 J-x [COS (T * n(wLTO))i|

—1
+2 |:cosh <% +1n(2tho)>:| }p(A)dA, (A3)

where p(A) is a normalized probability distribution function.
An approximated but convenient choice is that of a constant
distribution such that p(A) =1/(269) for ¥ — 60 < A <
¥ + v [and p(A) = 0 elsewhere]. Consequently,

1 c [ A B
— = h|{—=+1
T 4w 80 /19—819 |:COS (T - n(wLTO))]

—1
+2 |:cosh (% + ln(Za)Lro)>:| }dA, (Ad)
1 CcCT

4 s
Fl = e {arctan |:sinh ( + + 111(60L770)>]

(9 —8p
— arctan [smh < T + ln(wao)>:|

. Y+ 89
+ 2 arctan | sinh

which is solved as

+ ln(Za)Lto))i|

— 2arctan |:sinh < v + ln(Zth0)>:| } (AS)
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