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To study the dynamical properties of intercalated compounds LixTiSe2 (x = 0.25, 1), we have measured the 7Li

nuclear magnetic resonance spectra and spin-lattice relaxation rates in these compounds over the temperature range

of (80−593K). It has been shown that the behavior of the spin-lattice relaxation rates above 300K is determined

by quasi-two-dimensional translational diffusion of Li+ ions. The diffusion of lithium in Li0.25TiSe2 is characterized

by the activation energy of 501(28)meV, and in LiTiSe2 by the activation energy of 509(15)meV. The diffusion

coefficients and ionic conductivity of Li+ in both Li0.25TiSe2 and LiTiSe2 have been estimated at 297K.
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1. Introduction

Layered dichalcogenides of transition metals attracted

attention due to their ability to accept various organic

and inorganic objects into their interlayer space (interca-
lation) [1–4]. Such compounds with the general formula

MX2 (M= transition metal, X= S, Se, Te) create the

structures that consist of X−M−X layers held together

with Van der Waals forces. It is known that layered

dichalcogenides may be intercalated by different materials

without a substantial change to the structures of source

compounds [5,6]. As a result of intercalation of alkali metals,

a charge (electron) transfer occurs between the intercalated

atoms and X−M−X layers that causes replacement of

Van der Waals forces with Coulomb interaction. The

source lattice after intercalation changes slightly along the

crystallographic axis c (the distance between the layers

increases) [7].
Different classes of layered dichalcogenide have a wide

spectrum of practical application, for example, are used to

develop electrodes, solid-state ion conductors and semicon-

ductor materials [2,3]. Lithium-intercalated dichalcogenides

LixMX2 are seen as the promising compounds to develop

cathode materials. In particular, the compounds of LixTiS2
type were actively studied with the purpose of their poten-

tial use as cathode materials for lithium batteries [2,6,8].
Titanium diselenide TiSe2 is a compound that is related

to titanium disulfide TiS2, and recent research of lithium-

intercalated compounds of LixTiSe2 type also demonstrated

the possibility of using these compounds as ion conduc-

tors [9,10]. Apart from the applied use, compounds of

LixTiSe2 type attract attention as the models to study the

motion mechanisms of objects intercalated into layered

dichalcogenides. Nuclear magnetic resonance (NMR) has

proven to be an effective method to obtain information

at a microlevel on the atomic dynamics in solids, such as

cation mobility in lithium-ion conductors [11,12]. In the

present work 7Li NMR spectra and spin-lattice relaxation

rates we measured to study the dynamic properties of Li+

in LixTiSe2 (x = 0.25, 1) compounds in a wide temperature

range.

2. Experimental details

LixTiSe2 compounds were synthesized in the manner

similar to that described in paper [13]. According to

the X-ray diffraction data, the compounds have trigonal

symmetry (space group P-3m1) with the lattice parameters:

a = 3.6027(1) Å and c = 6.4663(2) Å for LiTiSe2 [13],
a = 3.5542(5) Å and c = 6.1142(16) Å for Li0.25TiSe2 [13].
A schematic representation of this structure is shown in

Figure 1. For NMR-experiments the powder samples were

sealed into pyrex ampoules under vacuum of 10−5 Torr.
7Li NMR-experiments were conducted on a pulse spec-

trometer with quadrature phase detection in resonance

frequencies ω/2π = 14.8 and 28MHz in the temperature

interval of 80−593K. The magnetic field was developed

using an electromagnet by Bruker company. To stabilize

the magnetic field, a polynuclear NMR magnetometer of

in-house production was used that operated in the range of

0.32−2.15 T. To generate radiofrequency pulses, a computer
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Figure 1. Schematic representation of the structure LixTiSe2 . Red

is for Li atoms, blue — for Ti, green — for Se.

pulse programmator SpinCore, a PTS (Programmed Test

Sources, Inc.) frequency synthesizer and a broadband

pulse amplifier Kalmus with capacity of 1 kW were used.

The typical duration of 90◦th pulse was 5−6µs. For

measurements at temperatures of T ≤ 300K a resonance

probe with a sample was placed into a continuous-flow

cryostat Oxford Instruments CF1200, which used helium

or nitrogen as a refrigerant. The sample temperature

was monitored using a chromel-alumel thermocouple with

the accuracy of ±0.1K. Measurements at temperatures of

T > 300K were carried out using a resonance probe with

a built-in furnace, where the temperature was controlled

with a copper-constantan thermocouple with the accuracy

of ±0.5K. To measure nuclear spin-lattice relaxation rates,

the
”
saturation–recovery“ method was used. NMR spectra

were recorded via Fourier transform of solid-echo signals

(pulse sequence π/2x − t − π/2y ).

3. Results and discussion

The main features of the recorded 7Li NMR spectra were

the same for both studied compounds. As an example,

Figure 2 shows the evolution of 7Li MNR spectra with

temperature for LiTiSe2, measured at the frequency of

28MHz. At low temperatures the width 1ν (full width

at half maximum) of the 7Li NMR spectrum is defined

by dipole-dipole interaction between the static nuclear

spins. This parameter is called the width of the
”
rigid

lattice“ line 1νR. As temperature increases, the width

of the
”
rigid lattice“ line starts decreasing as a result of

averaging of dipole-dipole interactions, when the frequency

of lithium atoms jumps, τ −1, becomes approximately equal

to the value 2π1νR [14]. In the studied compounds the

substantial narrowing of the line happens at the temperature,

when τ −1 reaches around 104 s−1. At low temperatures

the shape of the 7Li NMR spectrum for LiTiSe2 also

has characteristic
”
wings“, which may be related to the

unresolved quadrupole satellites.

Figure 3 shows temperature dependences of width 1νLi
of NMR spectra measured in a 7Li nucleus in Li0.25TiSe2
and LiTiSe2. Behavior of 1νLi(T ) in both samples is

typical for the compounds with the translational diffusion

of ions Li+ [15–17]. From Figure 3 you can see that the

substantial narrowing of the NMR line starts at temperatures

of 300K in Li0.25TiSe2 and 350K in LiTiSe2 . In the area
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Figure 2. Evolution of 7NMR spectra for LiTiSe2 with tempera-

ture.
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Figure 3. Temperature dependence of width (full width at half

maximum) of the NMR spectrum measured at a 7Li nucleus, in

Li0.25TiSe2 and LiTiSe2 at frequency of 28MHz.

Physics of the Solid State, 2025, Vol. 67, No. 11



2108 R.V. Skoryunov, O.A. Babanova, A.V. Soloninin, A.N. Titov, O.V. Bushkova, A.V. Skripov

100 200 300 400 500 600

0

2

4

6

8

10

12

14

16

18

20

14.8 MHz Li TiSe0.25 2

T, K

0 100 200 300
0

0.1

0.2

0.3

0.4

0.5

T, K

–
1

R
, 
s

1

–
1

R
, 
s

1

28 MHz Li TiSe0.25 2

14.8 MHz LiTiSe2

28 MHz LiTiSe2

Figure 4. Temperature dependences of spin-lattice relaxation

rates in 7Li nucleus measured at frequencies of 14.8 and 28MHz

for Li0.25TiSe2 and LiTiSe2 . The insert shows the behavior of

relaxation rates below T = 300K, and red lines show linear

approximations of CeT + B for each compound.

of high-temperature plateau the 1νLi values are very low

(∼ 0.37 kHz for Li0.25TiSe2 and ∼ 0.26 kHz for LiTiSe2 at

570K), which indicates practically complete averaging of

dipole-dipole interaction 7Li−7Li. Such 1νLi behavior is

observed in case of translational diffusion. It should be

noted that despite isostructurality of compounds, the width

of the line in Li0.25TiSe2 is less in the low temperature area

than in LiTiSe2, which may be explained by the difference

of dipole-dipole interaction 7Li−7Li due to different con-

centration of ions Li+ in the systems [14]. Narrowing of

the line in Li0.25TiSe2 happens at lower temperature than

in LiTiSe2 . This fact means that atomic jumps of lithium in

Li0.25TiSe2 at the frequency scale ∼ 104 s−1 start at lower

temperature compared to LiTiSe2 . The data from Figure 3

may be compared to the behavior of the NMR line width
7Li for Li0.7TiSe2 measured at 77.7MHz [18]. In general,

the 1νLi(T ) behavior for Li0.7TiSe2 agrees with the results

we obtained for Li0.25TiSe2 and LiTiSe2 . The only difference

is the fact that in Li0.7TiSe2 the line starts narrowing due to

atomic motion around the temperature of 200K, at which

τ −1 reaches the value of the order of 104 s−1 [18]. Probably,
this is related to lower energy barriers for atomic motion of

lithium in Li0.7TiSe2 compared to barriers in Li0.25TiSe2 and

LiTiSe2 .

Temperature dependences of the measured spin-lattice

relaxation rates 7Li (in exponential approximation) at fre-

quencies of 14.8 and 28MHz for Li0.25TiSe2 and LiTiSe2
samples are presented in Figure 4. It should be noted

that the measured spin-lattice relaxation rates R1 is usually

determined by the sum of contributions from interaction

of nuclear spins with conductivity electrons (R1e), with

paramagnetic impurities (R1p), and from internuclear dipole-

dipole and electric quadrupole interactions modulated by

atomic motion (R1d) [19]. The contribution from conductiv-

ity electrons (Korringa contribution) R1e is proportionate to

temperature and does not depend on frequency, R1e = CeT .

In paramagnetics the electron contribution to the spin-

lattice relaxation rates dominates at low temperatures,

whereas the contribution caused by atomic motion R1d

becomes dominant in the temperature range, at which the

frequency of atomic jumps τ −1 stays within 107−1011 s−1.

From the insert in Figure 4 you can see that the

measured temperature dependence of relaxation rate at

T < 300K may be described satisfactorily by linear func-

tion CeT + B with parameters Ce = 1.62 · 10−4 s−1K−1

and B = 3.79 · 10−2 s−1 for Li0.25TiSe2 and Ce =
= 1.48 · 10−3 s−1K−1 and B = 7.17 · 10−3 s−1 for LiTiSe2 .

The Ce coefficient is proportionate to the squared density

of electron states at the Fermie level [19]. The B

parameter defines the paramagnetic contribution R1p within

low temperatures. To assess the Li+ motion parameters,

we have to identify the temperature dependence of the

contribution created by atomic motion R1d, i. e. subtract

R1e and R1p contributions from the experimental data. This

procedure is usually based on the extrapolation of low-

temperature data CeT + B [20].
The analysis of our experimental results found that in

both compounds the recovery of nuclear magnetization

of 7Li deviates from the exponential behavior. In the

considered temperature range the 7Li recovery curves

may be satisfactorily approximated by the sum of two

exponential functions. Biexponential relaxation of 7Li

was already observed previously in some compounds that

contain lithium [16]. Such behavior may be related to

non-zero electric quadrupole moment of 7Li nucleus [14].
Figure 5, a and 5, b show the behavior of fast components

of spin-lattice relaxation rates RLi
1F , related to atomic motion,

on 7Li nucleus, measured at two resonance frequencies for

Li0.25TiSe2 and LiTiSe2, accordingly, depending on inverted

temperature. The considerable spread of points in the chart

may refer to a certain instability of biexponential description

of recovery curves. The frequency-dependent peak RLi
1 is

observed at the temperature of 463K for Li0.25TiSe2 and

475K for LiTiSe2 at the frequency of 14.8MHz. Such peak

is typical for contributions to the spin-lattice relaxation rates

caused by atomic motion [14]. The maximum of spin-lattice

relaxation rate must be observed at temperature, at which

the frequency of atomic jumps τ −1 becomes approximately

equal to the resonance frequency ω. Taking into account

the behavior of the 7Li NMR line width (see Figure 3), you
can state that this maximum RLi

1 confirms our assumption

on the existence of translational diffusion of Li+ ions in both

compounds.

According to the standard theory of spin-lattice relax-

ation caused by atomic motion [14], within slow motions

(low-temperature slope, where ωτ ≫ 1), RLi
1F must be

proportionate to ω−2τ −1, and within fast motions (high-
temperature slope, where ωτ ≪ 1) it is proportionate

to τ and does not depend on frequency. However,

from Figure 5, a and 5, b you can see that the frequency
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Figure 5. Spin-lattice relaxation rates components in 7Li nucleus related to atomic motion and measured at frequencies of 14.8 and

28MHz in Li0.25TiSe2 (a) and LiTiSe2 (b), depending on inverted temperature. Solid lines show approximation of data by the model for

quasi-two-dimensional diffusion.

Parameters of atomic motion obtained with a model for quasi-two-dimensional diffusion

Compound Ea (meV) τ0 (s) 1M (s−2)

Li0.25TiSe2 501± 28 (1.90± 0.16) · 10−14 (5.9± 0.2) · 109

LiTiSe2 509± 15 (2.20± 0.12) · 10−14 (5.2± 0.2) · 109

dependence remains at the high-temperature slope, even

though it becomes weaker that in the low-temperature

slope. Such feature of the behavior may be explained

within low-dimensional diffusion [21]. It is well known

that the spin-lattice relaxation rates do not depend on

resonance frequency within fast motions only in case of

isotropic (3D) atomic diffusion, whereas in the case of

low-dimensional (quasi-1D, quasi-2D) translational diffusion
the frequency dependence stays at the high-temperature

slope [21]. Since TiSe2 is a layered dichalcogenide, and

lithium in both compounds was intercalated between the

layers, we can assume that in this case there is indeed a

quasi-two-dimensional diffusion observed Li+. Therefore, to

approximate data, a half-empirical model was used, which

was previously presented in paper [21]:

RLi
1F = 1Mτ ln

(

1 +
1

(ωτ )2

)

, (1)

where τ is determined from the Arrhenius equation:

τ = τ0 exp(Ea/kBT ). (2)

The parameters of this model are an amplitude factor

1M, activation energy for diffusion Ea and a pre-exponential

factor from the Arrhenius ratio τ0. These parameters

varied in two frequencies simultaneously to achieve the

best approximation of the experimental data. The results

of this approximation are shown by solid lines in Figure 5, a

and 5, b. As you can see in Figure 5, a and 5, b the ex-

perimental data is described quite well, which confirms our

assumption on the quasi-two-dimensional mechanism of Li+

ion diffusion in Li0.25TiSe2 and LiTiSe2 . The corresponding

approximation parameters are given in the table.

Summing up the discussion of NMR-measurements in
7Li nucleus in Li0.25TiSe2 and LiTiSe2, we can conclude

that diffusion mobility Li+ in both compounds is related

to features of the structure of layered dichalcogenides.

The available studies of Li+ ion diffusion in LixTiSe2
compounds [18,22,23] predict that this mechanism must

be similar to that implemented in the related class of

LixTiS2 compounds[24,25]. Based on the fact that Li+ ions

in Li0.25TiSe2 and LiTiSe2 occupy only one crystallograph-

ically non-equivalent position (1b), where they are octahe-

drally coordinated with six Se atoms (Figure 1), the most

preferable diffusion path Li+ from one octahedral position to

the other position may include the intermediate population

of the tetrahedral position (2d) [18,22]. Therefore, the

elementary act of diffusion process in Li0.25TiSe2 and

LiTiSe2, probably, happens according to the 1b→ 2d→ 1b

scheme similar to the case of LixTiS2 [18,25], as shown

in Figure 6.

It should be noted that the distance between two adjacent

octahedral positions (1b−1b) Li+ in a Van der Waals gap

is 3.60 Å, which is quite a long distance for the elementary

jump. This fact confirms the assumption on the intermediate

population of the tetrahedral position (2d) in process of

Physics of the Solid State, 2025, Vol. 67, No. 11
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Figure 6. a) Schematic image of Li+ jumps in the crystalline

structure of LixTiSe2 from one octahedral position to another one

via an intermediate tetrahedral position (red is for Li atoms in the

octahedral position, yellow — intermediate tetrahedral 2d position

of Li, blue — Ti, green — Se). b) Schematic image of Li+ jumps

via an intermediate tetrahedral position in a lithium sublattice (red
is for Li atoms, yellow — intermediate tetrahedral 2d positions Li).

Li+ diffusion in Li0.25TiSe2 and LiTiSe2. Neglecting any

correlations of atomic jumps Li+, the D diffusion coefficient

for the case of quasi-two-dimensional motion may be

estimated as follows:

D = L2τ −1/4, (3)

where L — elementary jump length. The value of

τ −1 jumps of Li+ ions in both compounds may be

obtained at room temperature (297K) using approximation

parameters given in the table, and Arrhenius equation (2);
such estimate provides τ −1(297K) ≈ 2.75 · 104 s−1 for

Li0.25TiSe2 and τ −1(297K) ≈ 1.07 · 105 s−1 for LiTiSe2. If

to define length L you use the distance 1b−2d (2.08 Å),
we get D (297K) ≈ 2.98 · 10−11 cm2/s for Li0.25TiSe2 and

D (297K) ≈ 1.16 · 10−11 cm2/s for LiTiSe2 . A small

difference in the values of diffusion coefficients may be

related to higher activation energy of lithium diffusion in

LiTiSe2 (see table). These values may be used to estimate

ion conductivity σ from the Nernst–Einstein ratio:

σ =
nD(Ze)2

kBT
, (4)

where n — density of charge carriers per volume unit,

and Ze — electric charge of carriers. According to the

structural data [13], Li+ ion density is n = 3.44 · 1021 cm−3

in Li0.25TiSe2 and n = 1.376 · 1022 cm−3 in LiTiSe2.

Using the above values, we get the following esti-

mates: σ (297K)= 6.39 · 10−7 S/cm for Li0.25TiSe2 and

σ (297K) = 9.96 · 10−7 S/cm for LiTiSe2 . The difference

of values may be related to the lower concentration of

Li+ ions in Li0.25TiSe2 structure [13]. The values obtained

in this paper may be compared to the results of NMR

studies of Li0.7TiSe2 [18]. In the mentioned paper the

lithium diffusion activation energy was ∼ 370meV, which is

substantially lower than the values we obtained [18]. Such

difference in the energy of activation between the related

compounds may be due to the fact that concentration of

intercalated lithium Li0.7 is the most energetically beneficial

for ion diffusion. To add, you may compare the D diffusion

coefficient values we estimated to the data for the related

LiTiS2 compound. The Li+ diffusion coefficient in a LiTiS2
single crystal was determined by potentiostatic method

and made D (LiTiS2) ∼ 1.0 · 10−8 cm2/s at room tempe-

rature [5]. This value is by three orders of magnitude higher

than those we determined for Li0.25TiSe2 and LiTiSe2 .

It follows that lithium diffusion in LixTiSe2 compounds

happens much slower than in LixTiS2 compounds [18,26],
which seems to be related to a higher activation barrier for

lithium diffusion [18].
For activation energy of Ea silver diffusion in AgxTiS2 in

paper [27] they proposed a formula that may be used to

describe the diffusion in all intercalate compounds, where

the intercalant occupies the octahedral position in the Van

der Waals gap:

Ea = 1H0 −
J

α + x
(5)

Here 1H0 — difference of intercalant ion bond enthalpy

in octahedral (main) and tetrahedral (excited) chalcogen-

coordinated positions; the second member of the right part

describes elastic interaction in the form proposed in [28].
According to this representation, the interlayer chemical

bond is simulated by a spring with the force of k and length

of c0, which vary in process of intercalation to values K and

cL, respectively. Then the resulting energy per ion will be:

E

N
= J

x

α + x
. where J =

K

2
(cL − c0)

2, α =
K

k
, (6)

x — dimensionless concentration. Since all values in

equation (6) are positive, the elastic distortions introduced

by an intercalated ion, reduce the activation energy deter-

mined by equation (5). Therefore, the decrease of elastic

distortions must result in increase of diffusion activation

energy. As shown in [29], increase of interlayer distance

with the constant ionic radius decreases elastic distortions.

Therefore, the increase of the c0 lattice parameter in TiSe2
compared to this parameter in TiS2 must lead to the growth

of lithium diffusion activation energy in TiSe2. Using the

difference of lithium diffusion activation energies in TiS2
and TiSe2, you can estimate contributions of 1H0 and

elasticity to the total value Ea . The stiffness of the interlayer

bond may be estimated using the value of compressibility

in the normal direction to the basal plane. For TiS2 the

compressibility is ηc = 1.46 · 10−11 Pa−1 [30], and for TiSe2
ηc = 1.53 · 10−11 Pa−1 [31]. As you can see, the stiffness is

nearly the same, the difference is not more than 5%. The

value J for TiS2 was estimated as ∼ 0.1 eV [28], whereas for

TiSe2 it is estimated as J = 0.435 eV [27]. Therefore, if the
activation energy varied only because of elastic contribution,

the difference in Ea values for TiS2 and TiSe2 would be at

least 0.3 eV. In fact, Ea for TiS2 is estimated from 0.4 eV [32]
to 0.45 eV [33], and the difference Ea(TiSe2) − Ea(TiS2) is

0.06−0.1 eV. This means that the main change of activation

energy is caused by the difference 1H0, reflecting the

Physics of the Solid State, 2025, Vol. 67, No. 11
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difference in the value of the covalent contribution to the

enthalpy of ion bond to the host lattice in the octahedrally

and tetrahedrally chalcogen-coordinated positions. You can

see that this difference is much less in case of TiSe2 and

may be estimated as 0.6−0.66 eV [27] vs. 0.88 eV in TiS2.

It is evident that this is due to the higher polarizability of

selenium compared to sulfur providing for more effective

interaction of mobile lithium with chalcogen sublattice in

case of TiSe2 .

4. Conclusion

Analysis of temperature and frequency dependences

of 7Li spin-lattice relaxation rates in lithium-intercalated

titanium diselenides Li0.25TiSe2 and LiTiSe2 found diffusion

motion of Li+ ions in these compounds. In the temperature

range above 370K the main contribution to the spin-

lattice relaxation rates is made by translational diffusion Li+.

The experimental data on relaxation in both compounds

demonstrates the behavior specific for the process of low-

dimensional (quasi-two-dimensional) diffusion. This may

be related to the structural features of LixTiSe2 lithium

diselenides, which consist of Se−Ti−Se layers with Li+ ions

intercalated into Van der Waals cavities between the layers.

The maximum rate of 7Li spin-lattice relaxation is observed

at frequency of 14.8MHz at 463K for Li0.25TiSe2 and 475K

for LiTiSe2 . The experimental data for both compounds

are satisfactorily described within a half-empirical model for

quasi-two-dimensional translational diffusion with activation

energy of 501 meV for Li0.25TiSe2 and 509meV for LiTiSe2.

Our estimates of lithium diffusion coefficients at room

temperature demonstrated values D = 2.98 · 10−11 cm2/s

for Li0.25TiSe2 and D = 1.16 · 10−11 cm2/s for LiTiSe2,

which is substantially lower than was obtained for a related

compound LiTiS2 [26].
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[15] V. Epp, Ö. Gün, H.-J. Deiseroth, M. Wilkening. Phys. Chem.

Chem. Phys. 15, 19, 7123 (2013).
[16] A.V. Skripov, A.V. Soloninin, M.B. Ley, T.R. Jensen, Y. Fil-

inchuk. J. Phys. Chem. C 117, 29, 14965 (2013).
[17] A. Kuhn, P. Sreeraj, R. Pöttgen, H.-D. Wiemhoöfer, M. Wil-
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