
PHYSICAL REVIEW B 104, 245115 (2021)

Electronic states in ferromagnetic CrxNbSe2 (x = 0.33, 0.5) studied by 53Cr and 93Nb
NMR spectroscopy
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The results of investigation of the CrxNbSe2 chalcogenides (x = 0.33, 0.5) by the nuclear magnetic resonance
(NMR) method on 53Cr and 93Nb nuclei in the magnetically ordered state at zero external magnetic field have
been presented. Ab initio calculations have been performed to theoretically estimate NMR parameters and
interpret the experimental data. It has been shown that the intercalation of Cr atoms into NbSe2 results in spin
and charge redistributions. The lower magnetic moment of chromium nuclei, 2.2 μB, compared to the theoretical
value μ = 3 μB for Cr3+ is attributed to the high degree of hybridization of the a1g and eg orbitals of 3d Cr
electrons with 4dz2 and 5s niobium orbitals. Such a hybridization also results in the presence of a high local
magnetic field in the niobium nuclei location in CrxNbSe2.
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I. INTRODUCTION

The transition metal dichalcogenides (TMDCs) and their
intercalates have been the subject of increasingly active study
in the fields of physics, chemistry, materials science, and
nanotechnology due to their intriguing physical and chemical
properties and potential applications. Depending on the type
of transition metal (M) and chalcogen (X ) atoms the MX2

compounds can be metallic, semiconducting, or insulating; in
the bulk form, the MX2 compounds demonstrate paramagnetic
or diamagnetic behavior [1,2]. Intensive studies of TMDCs
performed in recent decades have shown that the electronic
structure and properties of these compounds can be signifi-
cantly different in bulk and monolayer state or with additional
atoms introduced between the X -M-X trilayers. The 2H-NbX2

compounds (X = S, Se) are typical examples of this type
of material. They exhibit metallic type conductivity behavior
and transition to the superconducting state with decreasing
temperature below 5.7 and 7.2 K in sulfide and selenide
compounds, respectively (see Ref. [3], for instance). It was
revealed that the intercalation of 3d metal atoms (M ′) into
2H-NbS2 and 2H-NbSe2 not only suppresses superconduc-
tivity, but also generates various magnetic states in M ′

xNbX2

depending on the type and concentration of intercalated M ′
atoms as well as on the type of the parent compound [4–6].

Thus the Cr0.33NbS2 compound intercalated with
chromium was observed to exhibit the long-period
helimagnetic structure [7,8] which can be transformed
into a chiral soliton lattice under the application of a magnetic
field [8–10]. The chiral soliton lattice in bulk and in exfoliated
Cr0.33NbS2 crystals was observed to exhibit unusual
properties [11,12]. Meanwhile, the selenide compounds
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CrxNbSe2 with x � 0.33 demonstrate ferromagnetic ordering
[6,13]. The comparative study of the electronic structure
of the parent compound NbS2 and Cr0.33NbS2 by using
photoelectron spectroscopy methods [14] has shown that
the insertion of Cr atoms between S-Nb-S sandwiches
leads to the changes in local electronic environment of Nb
atoms and results in the transfer of electron charge from
chromium to the NbS2 layers, although the Cr intercalation
does not substantially alter the two-dimensional character
of NbS2 electronic structure [15]. The Cr- and Nb-derived
electronic states are found to be strongly hybridized in
Cr0.33NbS2 [14,15]. These findings together with the density
functional theory calculations imply a substantial role of
the Hund’s exchange interaction between the itinerant
electrons and local spin moments in the formation of
magnetic order in the compound [15]. In contrast to
sulfide compound Cr0.33NbS2, the literature data on the
features of the electronic structure and charge and spin
density distribution in the selenide CrxNbSe2 compounds
intercalated with Cr atoms are insufficient. The band structure
calculations and optical spectroscopy studies performed for
the ferromagnetic Cr0.33NbSe2 compound have revealed
strong hybridization of the Cr 3d and Nb 4d states as well.
Moreover, the conducting band broadening was observed with
the decreasing temperature below the Curie temperature [16].
According to the recent studies of crystal structure, magnetic,
transport, and thermal properties of the CrxNbSe2 family
(0 < x � 0.5) all the compounds exhibit the metallic type
resistivity behavior and the cluster-glass magnetic state at
x < 0.33, while a soft ferromagnetic behavior was observed
in compounds with higher Cr contents (x � 0.33) [6]. Using
the 53Cr nuclear magnetic resonance (NMR) spectroscopy
the valence state of Cr atoms in compounds CrxNbSe2 with
x = 0.33 and x = 0.5 was determined to be close to Cr4+

[6], as the Cr valence state revealed recently in the 1T -CrSe2

2469-9950/2021/104(24)/245115(10) 245115-1 ©2021 American Physical Society

https://orcid.org/0000-0003-0520-7521
https://orcid.org/0000-0002-9720-5314
https://orcid.org/0000-0001-8145-9945
https://orcid.org/0000-0001-6091-1250
https://orcid.org/0000-0002-6115-6207
https://orcid.org/0000-0001-6333-8170
https://orcid.org/0000-0003-1742-278X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.245115&domain=pdf&date_stamp=2021-12-09
https://doi.org/10.1103/PhysRevB.104.245115


V. V. OGLOBLICHEV et al. PHYSICAL REVIEW B 104, 245115 (2021)

compound [17]. The reduction of the average magnetic
moment per Cr atom in saturation observed in CrxNbSe2 was
ascribed to the possible appearance of magnetic moment on
Nb atoms oppositely directed relative to the Cr moment.

Bearing in mind that the distribution of charge and spin
density is a key to understanding the mechanisms responsible
for the changes in structural, magnetic, and transport proper-
ties of compounds upon intercalation of various TMDCs the
present work aims to study the CrxNbSe2 compounds with
chromium concentration x = 0.33 and x = 0.5 by means of
NMR spectroscopy on 53Cr and 93Nb nuclei. Attention will
mainly be paid to reveal how the intercalation of Cr atoms
into NbSe2 affects the electron configuration and magnetic
state of Nb atoms. Along with the measurements of the NMR
spectra, ab initio calculations were performed to estimate the
quadrupole interactions of chromium and niobium nuclei in
different environments.

II. SAMPLES AND METHODS

Polycrystalline Cr0.33NbSe2 and Cr0.5NbSe2 samples stud-
ied in the present work were synthesized by the two-stage
solid-state reaction method, which was used in our pre-
vious work [6] to obtain the CrxNbSe2 compounds with
various chromium within the range 0 � x � 0.5. The ob-
tained specimens were milled, compacted into pellets, and
then homogenized for 120 h at 800 ◦C. X-ray diffraction
analysis performed by using a Bruker D8 Advance diffrac-
tometer and FULLPROF software has shown that the samples
with Cr concentrations x < 0.5 are single phase, while the
compound Cr0.5NbSe2 contains a small amount (∼5%) of
foreign phases. As follows from the measurements of the
temperature dependences of the magnetic susceptibility and
field dependences of the magnetization, the Cr0.33NbSe2 and
Cr0.5NbSe2 compounds enter a long-range ferromagnetic or-
der with decreasing temperature below TC ≈ 82 K and TC ≈
65 K, respectively [6].

The NMR measurements were performed on the advanced
pulse spectrometer SXP 4100 (Bruker) at T = 4.2 K (samples
were in direct contact with liquid helium) in zero exter-
nal magnetic field. Frequency band ν = 40–320 MHz was
scanned at the signal search. The NMR spectra were obtained
by standard spin-echo technique p–tdel–2p–tdel–E (2tdel ) at the
frequency change of sample irradiation. The duration of the
first pulse was p = 1 μs; the power of the rf amplifier 50–100
W. For spectra recording the summation of Fourier signals
stored in the whole frequency band with a step �ν = 300 kHz
was applied. The measurements of 53Cr and 93Nb NMR spec-
tra were carried out at the delay between pulses tdel = 20 μs
and tdel = 9 μs, correspondingly. The time of spin-spin relax-
ation was measured at the maximum NMR signal from 93Nb
nuclei at frequency ν ≈ 166 МHz under the change of delay
time between pulses tdel in the pulse sequence of spin echo.

The experiment repetition time was 200 ms which is
greater than 20 × T1, where T1 is the spin-lattice relaxation
time (T1 < 2 ms). Such a long repetition time was chosen to
avoid the influence of local heating of the samples due to the
metallic nature of their conductivity [6]. In order to calculate
the shape of NMR lines the spectra modeling program SIMUL

[18–21] was used. It numerically calculates the line shape

based on the complete Hamiltonian of the nuclear system
taking into account Zeeman and quadrupole contributions and
spatial orientation of magnetic moments of chromium atoms.

To evaluate the parameters of the NMR spectra, ab initio
calculations were carried out using the projected augmented
wave method (PAW) [22] and PBE (Perdew-Burke-Ernzerhof)
exchange-correlation functional [23] realized in the compu-
tational package VASP (Vienna ab initio simulated package)
[24]. The exchange-correlation interaction was taken into con-
sideration in the general gradient approximation (GGA) with
regard to spin-orbit coupling (SOC). The net with a set of k
points 4 × 4 × 4 was used for calculations.

III. RESULTS AND DISCUSSION

A. 53Cr NMR data

The first results of the investigation of polycrystalline sam-
ples Cr0.33NbSe2 and Cr0.5NbSe2 by the NMR method on
the 53Cr nuclei (spin 53I = 3/2, gyromagnetic relationship
53γ /2π = 0.240 64 MHz/kOe) were presented in our previ-
ous work [6]. This work provides a detailed analysis of the
NMR spectra together with ab initio calculations of the NMR
parameters.

The typical NMR spectrum of 53Cr nuclei has a central
line corresponding to the m–1/2↔1/2 transition and two satel-
lite lines corresponding to the m±3/2↔±1/2 transitions. This
structure results from the interaction of nuclear quadrupole
moment Q with the electric-field gradient (EFG) produced
in the nuclei location by their charge environment [19,25].
The position of the resonance frequencies of the central line
and satellites is determined by the EFG tensor components
Vi j (i, j = x, y, z):

νQ = 3eVzzQ

2I (2I − 1)h
= 3

2I (2I − 1)
QCC ; η = Vyy − Vxx

Vzz
, (1)

where νQ is the quadrupole frequency; QCC is the nuclear
quadrupole interaction constant; h is the Planck constant; η

is the EFG asymmetry parameter. It should be mentioned that
in the nuclear magnetic resonance community, the zero-field
NMR spectrum is usually referred to as nuclear quadrupole
resonance (NQR). An NQR study [26] of the initial super-
conducting compound 2H-NbSe2 on the 93Nb nuclei revealed
an NQR spectrum corresponding to the 7/2 ↔ 9/2 transition
near the frequency νres ≈ 10 MHz, which corresponds to the
quadrupole frequency νQ ≈ 2.53 MHz. However, in our case,
the resonance frequencies of the 53Cr and 93Nb nuclei, νres, are
much higher than their quadrupole frequencies, νQ. The res-
onance spectra observed in CrxNbSe2 are mainly determined
by the interaction of nuclear spin moments with internal local
magnetic fields. Therefore, we observe NMR spectra in a local
magnetic field, not NQR.

The chromium NMR spectrum (Fig. 1) in the sample with
x = 0.5 is well fitted by one line, 1. Unlike x = 0.5 the 53Cr
NMR spectrum of CrxNbSe2 with x = 0.33 can be described
by only the superposition of two quadrupole split lines, 2, 3.
The existence of two lines in the NMR spectrum of 53Cr nuclei
indicates the presence of two chromium ion positions with a
different nearest magnetic and/or charge environment in the
structure.

245115-2



ELECTRONIC STATES IN FERROMAGNETIC … PHYSICAL REVIEW B 104, 245115 (2021)

FIG. 1. 53Cr NMR spectrum in CrxNbSe2 (x = 0.33, 0.5) at
temperature T = 4.2 K in zero external magnetic field. Solid lines
show the result of modeling the experimental spectrum with three
quadrupole split lines.

Intercalation of the parent compound NbSe2 with
chromium ions leads to the formation of crystal structures

with a different arrangement of chromium atoms in the lattice
[6,9]. Figure 2 shows a scheme of the crystal structure of
CrxNbSe2 with a trigonal-prismatic surrounding of Nb and
octahedral positions between Se-Nb-Se sandwiches which can
be occupied by intercalated Cr atoms; possible orderings of
Cr atoms between prismatic layers are displayed as well (see
right panel).

In the sulfide compounds CrxNbS2, the Cr ions can also
occupy different crystallographic positions (see Ref. [27], for
instance). According to the x-ray diffraction (XRD) data [6]
the CrxNbSe2 samples with Se concentrations x < 0.25 are
isostructural to the 2H-NbSe2 matrix and have a crystal lat-
tice belonging to the space group P63/mmc, while ordering
of Cr atoms leads to the formation of the 2 × 2 superstruc-
ture in Cr0.25NbSe2. For the compositions 0.25 < x < 0.50,
chromium atoms become ordered in the ab plane with the for-
mation of the

√
3 × √

3 superstructure (space group P6322)
with respect to the structure of NbSe2. From the absence of
clear visible superstructure reflections on the powder XRD
pattern, the crystal structure of the Cr0.5NbSe2 compound
was attributed the P63/mmc space group [6]. However, it is
important to note here that in the related 2H-FexNbSe2 and
2H-FexTaSe2 systems, using scanning tunneling microscopy
revealed the coexistence in crystals of regions with different
ordering [28]. In particular, at x = 0.33, the coexistence of
regions with orderings of the 2 × 2 (P63/mmc) and

√
3 × √

3
(P6322) type was observed in these compounds [28]. There-
fore, it can be assumed that such coexistence also takes place
in Cr0.33NbSe2. The NMR method does not allow us to di-
rectly associate the observed NMR spectrum with a particular
space group. However, the NMR spectroscopy identifies dif-
ferences in local symmetry at the positions of resonating
nuclei probes. Thus the proximity of the NMR parameters
(see Table I) of line 2 for x = 0.33 and line 3 for x = 0.5
indicates that Cr atoms can be located in positions with an
identical environment despite the different concentrations of
the intercalant.

For the crystal structures P63/mmc and P6322 the pa-
rameters of quadrupole interaction of chromium nuclei were
determined by the first-principles calculations using density

FIG. 2. Side view (left) and planar view (right) of the crystal structure of CrxNbSe2 (the solid line denotes the initial cell, the dashed line
2 × 2 ordering, and the dotted line

√
3 × √

3 ordering of Cr atoms).
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TABLE I. Parameters of the lines used to simulate the experimental 53Cr [6] and 93Nb NMR spectra presented in Figs. 1 and 4.

Cr0.50NbSe2 Cr0.33NbSe2

53Cr 93Nb 53Cr 93Nb

Line 1 2 3

Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc.

νQ (MHz) 3.82(6) 2.85 0.264(10) 1.2 1.24(6) 1.11 3.82(6) 2.85 0.250(10) 0.8-1.2
η — 0 — 0 — 0 — 0 — 0
hloc (kOe) 225.7 — 158.1 — 207.7 — 222.1 — 160 —

functional theory (DFT) methods in the VASP program pack-
age (the lattice parameters for x = 0.33 and x = 0.5 were
taken from Ref. [6]). It was determined that for both struc-
tures the principal axis of the electric-field gradient Vzz is
directed along the с axis and has the asymmetry parameter
η close to zero. The values of quadrupole frequencies are de-
termined as νcalc

Q = 1.1 MHz for the crystal structures with the
P63/mmc space group and νcalc

Q = 2.85 MHz with the P6322
space group, respectively (see Table I).

The NMR spectra on 53Cr nuclei were obtained in the
local field, which in our case plays the role of an exter-
nal magnetic field. Taking into account that the magnetic
moments of chromium ions lie in the ab plane, the lo-
cal field should also lie in this plane. Therefore, the angle
between the main axis of EFG and the local field should
be 90◦. Consequently, the observed value of quadrupole
frequency will be equal to the distance between satellite
lines [19,25]. Based on the results obtained, line 2 in
the Cr0.33NbSe2 sample can be associated with chromium
ions in the local environment as in the crystal structure of
Cr0.25NbSe2 due to the possible coexistence of regions with
two superstructures (see above). Electron microscopic stud-
ies of single-crystalline samples are needed to support this
assumption. As for line 1 in Cr0.5NbSe2 and line 3 in
Cr0.33NbSe2, they can be related to chromium ions located
in local regions characteristic of the crystal structure de-
scribed by the space group P6322. It should be noted that the
only one 53Cr NMR line (line 1) is observed in Cr0.5NbSe2.
Therefore, based on the analysis of NMR data and first-
principles calculations, the structure of Cr0.5NbSe2 can most
likely be assigned to the space group P6322; hence additional
studies of the structure of this compound on a single-phase
sample would be useful. The ratio of the integrated intensi-
ties of the two NMR lines for Cr0.33NbSe2 gives the value
Int(2)/Int(3) = 1.37, which characterizes the ratio of regions
with superstructures described by space groups P63/mmc and
P6322.

Let us consider now the 53Cr NMR line shift. In the mag-
netically ordered state the 53νres NMR frequency of chromium
nuclei is determined by the local magnetic field hloc (53νres =
53γ hloc) in 53Cr nuclei location. The field hloc, in the sim-
ple case, includes the dipole field hloc,dip, and hyperfine field
hloc,hf (HFF) [25,29]:

hloc = hloc,hf + hloc,dip. (2)

Analyzing the local field in our previous work [6] we made
the supposition that the value of dipole field hloc,dip can be

neglected because of its smallness. To support this supposi-
tion, in the present work, we carried out the calculations of
hloc,dip field produced by the neighboring chromium magnetic
moments in the case of ferromagnetic ordering in the ab plane.
The calculation was performed within 50 coordination spheres
with the use of common expression [29–31]. The calculation
results have shown that the dipole fields hloc,dip produced
on chromium ion lie along the direction of the chromium
magnetic moments. The obtained hloc,dip values are equal
to 36 and 45 Oe/μB for crystal structures belonging to the
P63/mmc and P6322 space groups, respectively. According
to the theoretically possible value of the chromium magnetic
moment, μ = 3 μB, the dipole field does not exceed 0.15 kOe
which is three orders less than the observed field values hloc

(see Table I) and therefore it can indeed be neglected.
Hyperfine field hloc,hf includes two contributions:

hloc,hf = gμB(ASi + � jB jS j ), (3)

where g is the g factor; Si is the electronic spin on site; S j is
the electronic spin on the jth site. The first and second terms
are, respectively, the on-site and supertransferred hyperfine
interactions. The first term in the equation results from the
magnetism of unpaired 3d electrons of the chromium ion, and
the second term corresponds to the spin polarization transfer
from the nearest magnetic environment of the chromium ion
[29]. Let us consider each of them.

The influence of spin-orbit coupling (SOC) in CrxNbSe2

compounds on the magnetization and other NMR parameters
is rather small according to our first-principles calculations
(less than 1%), which is in agreement with the data on
isostructural Cr0.33NbS2 [32]. Taking this into account, the
main contribution to the local field at the Cr nucleus will
be made by the spin magnetic moments of intrinsic 3d
electrons. The constant of hyperfine interaction between nu-
clear magnetic moments and 3d electron is A ≈ –100 kOe/μB

[29,33,34].
The second contribution in Eq. (3) is connected with the

spin polarization transfer from the nearest chromium mag-
netic ions. In the case of small chromium concentration
and space group P63/mmc, the possibility of closely located
chromium atoms should be low. That is why the second con-
tribution in Eq. (3) can be considered as close to zero.

With an increase in the number of intercalated chromium
atoms, the chromium-chromium interaction appears [35–39].
It should be noted that the spin polarization transfer from
ions of the nearest magnetic environment has a short-range
character [29]. The difference in local fields �hloc = 14.4 kOe
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FIG. 3. Crystalline field splitting of Cr 3d level [27].

between lines 2 and 3 for Cr0.33NbSe2 can be connected
with the constant Bj . There should be more Cr-Cr bonds
for the composition Cr0.5NbSe2 unlike with the composition
Cr0.33NbSe2. This was confirmed by our 53Cr NMR data: Line
2 is absent, and lines 1 and 3 have close values of quadrupole
frequency νQ and local field hloc.

In order to estimate the magnetic moment of chromium
atoms the values hloc obtained from the spectra in Fig. 1
were used. Thus we obtained the value μNMR ≈ 2.2 μB from
formula ([3]) for Cr0.33NbS2 and Cr0.5NbS2 compounds. The
obtained value is less than the theoretical value of 3 μB for the
high-spin state of the Cr3+ ion. It is closer to the Cr4+ valence
state [40,41] and, on the whole, is in agreement with the data
obtained at the study of the magnetization [6].

The decrease in the chromium magnetic moment in these
compounds can be associated with the following. Each Cr
ion has six selenium ions in the nearest neighborhood at the
distance 2.43 Å and two niobium ions at the distance 3.00
Å [6]. In such a CrSe6-Nb2 cluster, the local Cr environment
does not have an orthorhombic Oh symmetry anymore, but
it has the symmetry of trigonal prism D3. In this case, the
crystal field splits the fivefold degenerate Cr 3d states into one
singly degenerate a1g state with symmetry z2 and two doubly
degenerate e′

g and eg states with symmetry x2 − y2, xy, and xz,
yz, respectively [42] (see Fig. 3).

Recently, the electronic structure of the CrNb3S6 sulfide
close to CrxNbSe2 was investigated and described in [32].
The authors found the following occupancy of Cr 3d orbitals:
n(e′

g) = 1.8, n(a1g) = 0.76, and n(eg) = 0.45 with full spin
S = 3.01

2 , as observed in the experiment. Also, the electronic
states 1.8 3dxy/3dx2−y2 in the e′

g orbital are well below the
Fermi level. These electrons are well localized and do not take
part in the covalent bond with ions of niobium and selenium.
As for the electrons of 3dzx/3dzy and 3dz2 orbitals, whose
states cross the Fermi level, they are delocalized and have
a high degree of hybridization with Nb 4dz2 orbitals and Se
4p orbitals [32]. Our results show that only a portion of the
electrons in the a1g and eg chromium orbitals, n = 0.35 in
Cr0.33NbSe2 and n = 0.5 in Cr0.5NbSe2, make a contribution
to the creation of a local magnetic field on Cr nuclei. The rest
are involved in the creation of induced hyperfine fields on the
nuclei of niobium and selenium ions, which will be discussed
below.

FIG. 4. 93Nb NMR spectrum in CrxNbSe2 (x = 0.33, 0.5) at tem-
perature T = 4.2 K in zero external magnetic field. Inset shows an
enlarged part of the spectrum for x = 0.33 in the range 70–150 MHz.

B. 93Nb NMR data

In order to detect the hybridization of the 3d chromium
states with the 4d niobium states, the NMR spectra
measurements were performed on the 93Nb nucleus in
polycrystalline samples CrxNbSe2 (x = 0.33, 0.5) in zero
external magnetic field at temperature T = 4.2 K; these
data are shown in Fig. 4. Isotope 93Nb has a spin
93I = 9/2, a natural abundance of 100%, a gyromag-
netic ratio 93γ /2π = 10.421 MHz/T, and a quadrupole
nuclear moment Q = –0.28 barn [43]. The position of the
93Nb NMR line, as in the case of 53Cr NMR, is de-
termined by the local field hloc (formula 2). Figure 4
shows that the local-field values of the 93Nb NMR signal
peaks are equal to hloc = νres/

93γ = 160.0 kOe and hloc =
158.1 kOe for the compositions with x = 0.33 and x = 0.5,
correspondingly.

According to the calculation results the maximum value of
the dipole field (similarly to the chromium nuclei in Sec. III A)
induced on the niobium ion from the magnetic neighbors
of chromium ions is observed for the crystal structures
P6322 hloc,dip = –610 Oe/μB. That is why the hloc,hf hyperfine
field for niobium ions as in the case of chromium ions is
predominant.

Niobium ions in the CrxNbSe2 crystal structure have a
trigonal-prismatic environment of six selenium atoms. There-
fore, its 4d orbitals splitting has the same view as shown in
Fig. 3. In the NbSe2 parent compound niobium is in the Nb4+

state, which implies that one 4d electron occupying e′
g orbitals

remains in its valence shell. Intercalation of this compound
with chromium leads to the addition of electrons to Nb-Se
layers. One in Cr0.33NbSe2 and one and a half electrons in
the case Cr0.5NbSe2 are added per NbSe2 formula unit. This
means that the Nb4+ ion turns into Nb3+ with two electrons in
the 4d shell in the first compound and turns into Nb2.5+ with
2.5 electrons in the 4d orbitals in the second case. Valence
“2.5+” means that the same number of Nb3+ and Nb2+ ions in
the system takes place, but since the 4d niobium electrons are
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delocalized and mutual transformations of Nb3+ ↔ Nb2+ oc-
cur with a high rate, νres = 1/τ < 6 × 109 s−1, these changes
in the niobium electronic state are indistinguishable in the
NMR experiment.

The local field in the location of the Nb nuclei at T < TC

could be the result of hybridization of chromium 3dz2 orbitals
with niobium 4dz2 orbitals. In the literature, the hyperfine
coupling constant for an electron on a 4d orbit has a range
of values: A = –210 kOe/μB [44], –310 kOe/μB [33], and
–350 kOe/μB [29]. Therefore, we obtain, that for the creation
of the field hloc = 160.0 kOe, the presence of a magnetic
moment μ ≈ 0.46–0.76 μB in the Nb 4d shell is required,
which is hardly possible with regard to the occupancy of
the Cr 3dz2 orbital by n = 0.76 . The hloc induction on Nb
nuclei due to the overlap of the unoccupied Nb 5s orbital with
the chromium 3dz2 orbital appears to be more probable. One
electron in the Nb 5s orbital creates a hyperfine field on the
nucleus equal to 2480 kOe [44]. Therefore, to create the field
hloc = 160.0 kOe, the polarization of only n = 0.06 electrons
in the 5s shell is sufficient. If chromium 3dz2 electrons par-
tially occupy niobium 4dz2 orbitals, then this value (n = 0.06)
should be larger, since the local magnetic fields induced on the
nuclei by 4d and 5s electrons have a different sign. The slight
difference in the local fields at the location of niobium nu-
clei in Cr0.5NbSe2 (hloc = 158.1 kOe and Cr0.33NbSe2 (hloc =
160.0 kOe) apparently results from a difference in the val-
ues of the c lattice parameter of these compounds [6] and,
therefore, in the degree of overlap of the electron shells of
niobium and chromium ions. The local field on niobium nuclei
is obviously induced by Cr ions, and not by the field from the
ordered magnetic moments of the Nb intrinsic 4d electrons.
This is indirectly confirmed by the wider resonance line 93Nb
and Cr0.33NbSe2 compared to Cr0.5NbSe2 (see Fig. 4). It was
mentioned above that, in the composition of Cr0.33NbSe2,
the regions with structures described by the P63/mmc and
P6322 space groups can coexist. In this case, one can expect a
greater disorder in the distribution of chromium near niobium
ions and, therefore, a larger width of the NMR line. If the
local fields on niobium nuclei were determined only by the
intrinsic electrons of the Nb ions, then the width of the reso-
nance lines of 93Nb in both compounds would hardly differ so
noticeably.

The width of the NMR spectrum for 93Nb nuclei with a
large quadrupole moment eQ and located in a noncubic en-
vironment is anomalously small. At first glance, the observed
signal can also be attributed to the NMR response from the
77Se nuclei. For instance, in [45–47], the Cr valence state close
to “4+” is explained as a result of a strong overlap between the
Cr 3d orbitals and Se 4p orbitals. Spin polarization transfer
between Cr and Se ions was observed in the selenide spinel
compounds, where a large hyperfine field of 80–100 kOe was
detected on the “nonmagnetic” Se ions by 77Se NMR spec-
troscopy. However, the presence of quadrupole beats (Fig. 5)
in the spin-echo attenuation gives an answer to the following
question: From which nucleus, 77Se or 93Nb, does the signal
emanate? Obviously, this signal is not associated with sele-
nium, since the 77Se nucleus with spin I = 1/2 does not have
a quadrupole moment [47,48], in contrast to 93Nb. In Fig. 5,
the dependencies of spin-echo amplitude E (2tdel ) on the delay
between pulses tdel in the sequence p–tdel–2p–tdel–E (2tdel ) are

FIG. 5. Dependencies of spin-echo E (2tdel ) amplitude on the de-
lay between pulses tdel, measured at maximum intensity of signals in
the 93Nb NMR spectrum (Fig. 4) in CrxNbSe2 (x = 0.33, 0.5). Solid
lines show the result of extrapolation by function ( [4]).

displayed for polycrystalline samples CrxNbSe2 (x = 0.33,
0.5) at T = 4.2 K. It is seen that E (2tdel ) is an exponentially
decaying sinusoidal oscillation. It was shown in [49–52] that
if the homogeneous magnetic broadening of the NMR line is
less than the quadrupole line splitting, the oscillations appear
in the spin-echo attenuation; the period of such oscillations is
determined by the quadrupole frequency:

E (t ) = B1 cos(2πνQ,osct ) + B2 cos(4πνQ,osct )

+ · · · + BN cos(NπνQ,osct ). (4)

where B1, B2, B3, B4 · · · BN are the oscillation amplitudes;
νQ,osc is the quadrupole frequency obtained from E (2t )
modeling.

FIG. 6. Fourier transform of the signal E (2tdel ) on the 93Nb to
CrxNbSe2 (Fig. 5).
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The Fourier transform E (2tdel ) shown in Fig. 6 demon-
strates the oscillation spectrum νQ,osc. Several frequencies
are observed in oscillations E (2tdel ). The presence of such
a high-order harmonic (for spin I = 9/2 up to 8νQ,osc)
is discussed in detail in [50,51]. For example, the appear-
ance of harmonics with the 2νQ,osc frequency in spin-echo
attenuation for spin I = 9/2 results from the simultaneous ex-
citation of not only the nearest lines (for example, m–5/2↔−3/2

and m–3/2↔−1/2, m–3/2↔−1/2, and m–1/2↔1/2, and so on), but
also of the next line in the multiplet of the NMR spec-
trum (for example, m–5/2↔–3/2 and m–1/2↔1/2, m–3/2↔–1/2, and
m1/2↔3/2).

In our experiments, the effective excitation band at the
duration of the second pulse 2p = 2 μs was �ν ≈ 1/p ≈
500 kHz. Therefore, it may be expected that at a spec-
trum width of �ν ≈ 6 MHz, not only harmonics with
one νQ,osc frequency are excited effectively, but also har-
monics of the higher order. For the Cr0.5NbSe2 sample,
the Fourier transform E (2tdel ) demonstrates the spectrum
of emerging oscillations up to 4νQ,osc ≈ 528 kHz, which
is in good agreement with the effective excitation band
�ν ≈ 500 kHz.

The E (2tdel ) data given in Fig. 5 are well extrapolated by
the function

E (2tdel ) ∝ exp(−t/T2) + exp(−t/T ∗
2 )

× [1 + B1 cos(πνQ,osctdel )

+ B2 cos(2πνQ,osctdel )+B3 cos(3πνQ,osctdel )

+ B4 cos(4πνQ,osctdel )] (5)

at the following parameter values: B1,2,3,4 < 1 is oscillation
amplitude, T2 = 13 μs, T ∗

2 = 7 μs, νQ,osc = 125(35) kHz for
Cr0.33NbSe2; T2 = 32 μs, T ∗

2 = 19 μs, νQ,osc = 132(14) kHz
for Cr0.5NbSe2; 1/T2 is spin-spin relaxation rate; 1/T ∗

2 is the
oscillations attenuation rate.

The calculations of quadrupole interaction parameters of
the niobium nucleus in the crystal structures P63/mmc and
P6322 were performed using the first-principles calculations.
In both crystal structures, the main axis of the electric-
field gradient Vzz on niobium nuclei was directed along
the с axis with asymmetry parameter η close to zero. The
quadrupole frequency for the crystal structures P6322 was
νcalc

Q ≈ 1.2 MHz. In the crystal structures P63/mmc, the dis-
tribution of frequencies was from 1.2 to 0.8 MHz. Such a
νcalc

Q distribution is associated with the existence of nonequiv-
alent niobium positions in the structure due to the different
nearest environment of chromium ions. Taking into account
that the chromium magnetic moments are arranged in the ab
plane and the principal EFG axis Vzz is directed along the
с axis, the frequency obtained from the beats of spin-spin
relaxation is one half of νQ = 2νQ,osc = 264(2) kHz. Thus the
distance between the most distant satellites of the 93Nb NMR
quadrupole spectrum (between the satellites corresponding to
the +9/2 ↔ +7/2 and –9/2 ↔ –7/2 transitions) is about 1
MHz. Such a distance is less than the experimentally observed
width of the 93Nb NMR lines (full width at half maximum
� ≈ 2 MHz for Cr0.5NbSe2 and � ≈ 4 MHz for Cr0.33NbSe2)
shown in Fig. 4; the broadening of these lines is suggestive
of being magnetic rather than quadrupole in nature. The ex-

perimental and calculated values of the quadrupole frequency
differ by more than four times. This can be attributed to the
inhomogeneous distribution of chromium ions over the lattice,
which significantly complicates the indication of the crys-
tal lattice for calculations. It is worth mentioning that when
searching for the 93Nb response in our CrxNbSe2 samples,
the NMR signal was detected in a wide frequency range:
ν = 100–176 MHz (Fig. 4); however, the signal intensity in
the frequency range 100–150 MHz turned out to be at least
50 times lower than the intensity at frequencies around 166
MHz (see inset in Fig. 4). Unfortunately, we do not have
an unambiguous answer about the nature of the low-intensity
NMR lines observed in this frequency range. It is possible that
these lines are associated with the presence of a small amount
of foreign phases in the samples.

IV. CONCLUSION

Using the methods of NMR on 53Cr and 93Nb nuclei, poly-
crystalline samples of magnetically ordered chalcogenides
CrxNbSe2 (x = 0.33, 0.5) were investigated in zero external
magnetic field at temperature T = 4.2 K. The first-principles
calculation of the parameters of the quadrupole interaction
of chromium and niobium nuclei in compounds CrxNbSe2

(x = 0.33, 0.5) for the structures described by space groups
P63/mmc and P6322 was performed in order to analyze the
NMR data. A comprehensive analysis of NMR data and cal-
culations allowed us to suggest the crystal structure of the
Cr0.5NbSe2 compound can rather be characterized as belong-
ing to the space group P6322. It has been obtained that, for
both structures, the principal axis of the electric-field gradient
Vzz on the positions of Nb and Cr nuclei is directed along
the с axis and the asymmetry parameter is close to zero. An
estimation of the dipole field in the magnetically ordered state
has shown that its contribution to the local magnetic field
which defines the frequency of NMR chromium 53νres nuclei
and niobium 93νres nuclei is not significant in comparison
with the hyperfine field, and the dipole field can be neglected.
Using the analysis of the hyperfine field on 53Cr nuclei, the
average value of the chromium magnetic moment was deter-
mined as μNMR ≈ 2.2 μB which is lower than the theoretical
value 3 μB for Cr3+ and closer to 2 μB for Cr4+. The presence
of the local magnetic field hloc ≈ 160 kOe on Nb nuclei is
shown experimentally. These observations are explained by
the high degree of hybridization of a1g and eg orbitals of 3d Cr
electrons with 4dz2 and 5s niobium orbitals. It should be noted
that lower values of the magnetic moment of the intercalated
atoms in comparison with the theoretical spin value were
obtained using neutron diffraction for other intercalated com-
pounds exhibiting a long-range magnetic order (see [53–55],
for example); the reduction of a magnetic moment of M ′
atoms in M ′

xMX2 was ascribed to the hybridization effects
of 3d electrons of intercalated atoms with electronic states
of the MX2 host lattice. Moreover, in FexTiSe2 the presence
of a small induced magnetic moment on the Ti atoms was
proposed to describe the antiferromagnetic structure of these
compounds [54,56].

The results obtained in the present work demonstrate that
NMR spectroscopy on various nuclei can provide useful
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information for a deeper understanding of how the 3d metal
atoms with a magnetic moment being inserted into MX2 affect
the distribution of electron and spin density in the intercalated
compounds. These data, as well as the results obtained by
other experimental methods and by means of calculations,
show that changes in the electronic structure of TMDs as a
result of intercalation can be significant and should be taken
into account in developing new materials and applications.
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