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Crystal and magnetic structures of Cr, ,3NbSe, from neutron diffraction
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Neutron diffraction measurements of the Cr intercalated niobium diselenide Cr;,3NbSe, together
with magnetization measurements have revealed that this compound exhibits ferromagnetic ordering
below T =96 K unlike a chiral helimagnetic order observed in the sulfide compound Cr, /3NbS;. As
derived from neutron diffraction data, the Cr magnetic moments ¢, = 2.83 * 0.03 pp in Cr, 3NbSe,
are aligned within basal plane. The discrepancy in the magnetic states of Cr;/3NbS; and Cr, 3NbSe;
is ascribed to the difference in the preferential site occupation of Cr ions in crystal lattices. In
Cr, /3sNbSe,, the Cr ions are predominantly distributed over 2b Wyckoff site, which determines a
centrosymmetric character of the crystal structure unlike Cr;/3NbS;, where the Cr ions are mainly
located in 2c¢ position and the crystal structure is non-centrosymmetric. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4939558]

I. INTRODUCTION

Transition metal dichalcogenides TX, (T — 3d(4d) transi-
tion metal, X =S, Se, or Te) possess a quasi-two dimensional
structure where transition metal layer is confined between two
chalcogen layers forming a sandwich-like structure. In this
structure, the strong covalent bonding within X-T-X tri-layers
coexists with the weak van der Waals (vdW) coupling
between sandwiches, which allows different atoms to be inter-
calated into the vdW gap. An intercalation may give rise to
dramatic change of the physical properties of parent com-
pounds."™ Among the others, the M,TX, compounds with
intercalated magnetoactive M atoms are of particular interest
since they represent an analog of artificial multi-layer struc-
tures where the M layers are separated by non-magnetic
layers. These compounds exhibit a rich variety of magnetic
states ranging from spin-glass-like states at low M concentra-
tion (x <0.25) up to three dimensional long-range magnetic
order at high intercalant concentrations ()c>0.25).5_9 The
magnetic properties of these compounds are controlled by
combination of reduced dimensionality, ordering effects of
intercalated M atoms, magnetocrystalline anisotropy, and
exchange interactions of different types. However, not only
the type and concentration of inserted M atoms but also non-
magnetic TX, matrices affect the magnetic order in M, TX,.
For instance, the transition from the quadruplicated to doubled
magnetic unit cell along the a and ¢ crystallographic axes with
the selenium for sulfur substitution in the FeqsTiS, Se,
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compounds was recently reported.'® The presence of different
magnetic states has been revealed in the Cr intercalated com-
pounds Cry 5TiSe, and Cry sTiTe, which exhibit incommensu-
rate AFM structure and FM ordering, respectively.'"'?

Another intriguing example is the Cr;;3NbS, and
Cr;/3NbSe, compounds, which were reported to exhibit
different magnetic states below their critical temperatures. A
helimagnetic ground state with a period of about 480 A was
reported for Cr; /3Nb5213 while the simple ferromagnetic
ordering was suggested in Cr; /3NbSe2.l4’15 It should be noted
that the Cr; 3NbS, compound attracts great attention since the
application of small magnetic fields results in formation of a
chiral soliton lattice with controllable parameters, which
opens new possibilities for application in spintronic devi-
ces.'®” The helimagnetic structure in Cr, ,3NbS, is believed
to originate from the Dzyaloshinskii—-Moriya (DM) interaction
that plays a crucial role in magnetism of non-centrosymmetric
compounds with chiral crystal structures.'®'® Strong coupling
between structural and magnetic subsystems in Cr, ;3NbS, has
been revealed by x-ray diffraction measurements on the
Cr;/3NbS, powder sample with application of the hydrostatic
pressure up to 6.8 GPa.?® A precise investigation of the crystal
structure and magnetic characterization of disordered form of
the Cr;,3NbS,; single crystal revealed that Cr atoms disorder
substantially affects magnetic ordering temperature as well as
the magnetic ground state.”! The role of structural factors in
the formation of chiral magnetic soliton lattice in the interca-
lation compound Cr; 3NbS, has been emphasized by means
of phenomenological calculations.**

Despite the much interest to Cr;,3NbS, there is a lack
of published data on the crystal structure of the Cr;,3NbSe,
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compound. In accordance with Ref. 23 intercalation of Cr into
the niobium diselenide 2H-NbSe, up to x~ 1/4 results in the
formation of the 2ay x 2aq X 2c¢( superstructure, where a, and
co refer to the primitive hexagonal unit cell of the NiAs struc-
ture. At higher intercalant concentration x = 1/3 the superstruc-
ture type v/3ag X V3ag x 2co was reported.' It has been
shown in Refs. 24 and 25 that v/3aq-type superstructure in the
M, 3NbS; (M = Cr, Mn, Fe, Co, Ni, or V) compounds can be
described with the chiral space group P63;22 where intercalated
atoms may partially occupy 2c, 2b, or 2d Wyckoff positions.
However, to our best knowledge there is neither detailed
research of the Cr;/3sNbSe, crystal structure nor magnetic
structure characterization. In the present work we performed
AC and DC magnetic measurements as well as high resolution
neutron powder diffraction (NPD) above and below magnetic
ordering temperature in order to revisit the crystal structure
and reexamine the magnetic structure of Cr; ,3NbSe.

Il. EXPERIMENTAL DETAILS

The polycrystalline sample of Cr;,3NbSe, was synthe-
sized by means of the one-stage solid state reaction method.
The starting materials were Cr powder (purity 99.99%), Nb
powder (purity 99.99%), and Se granules (purity 99.99%).
The powderized mixture of starting materials was pressed in
pellets and put in evacuated quartz ampoules. In total, we
prepared 7 ampoules with 1.8 gram pellet-like samples. All
the samples were subjected to the identical three-stages heat
treatment procedure which includes (i) slowly heating up to
T =1000°C with the rate of 16.5°C/h in a furnace, (ii) then
the samples were kept for 48 h at 1000 °C and (iii) slowly
cooled down to the room temperature with the rate of
196 °C/h. All the synthesized samples were examined using
a powder x-ray diffractometer (Bruker D8 ADVANCE) with
Cu Ko radiation. A small amount, 2 wt. %, of MO, (M =Cer,
Nb) impurity phase (rutile-type structure SG P4,/mnm) has
been observed on the x-ray diffraction data. AC and DC
magnetic measurements were performed by means of a
Quantum Design SQUID MPMS magnetometer. The NPD
measurements were performed at 7= 10K and 132K using
SuperHRPD instrument®® at the Japan Proton Accelerator
Research Complex (J-PARC). Refinement of the crystal
structure has been done by means of the Fullprof program.?’

lll. RESULTS AND DISCUSSION
A. Magnetic measurements

The temperature dependencies of the DC magnetic sus-
ceptibility for Cr;,3NbSe, measured using zero field cooling
(ZFC) and field cooling (FC) procedures in applied magnetic
field of 10 kOe are shown in Figure 1. A drastic rise of the
susceptibility below T~ 100K for both curves can be asso-
ciated with the onset of long-range ferromagnetic order. A
slight thermomagnetic hysteresis was observed on the
(T and ¥"(T) curves around 95 K. The effective mag-
netic moment p,; and paramagnetic Curie temperature 0,
were obtained from a fit of the inverse susceptibility using
generalized Curie-Weiss law y = yo + C/(T — 0,), where C is
the Curie constant and y, is the temperature independent
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FIG. 1. DC magnetic susceptibility measured using ZFC and FC protocols
for Cr;/3NbSe, polycrystalline sample. The inverse susceptibility v (D)
fitted by the generalised CW law is shown in the inset.

contribution to susceptibility from the Pauli paramagnetism
and diamagnetism of the completely filled electronic shells
of ions. As one can see from the inset in Figure 1 the inverse
susceptibility curve 3~ '(T) well obeys the Curie-Weiss law
exhibiting slight upturn below 120K. The paramagnetic
Curie temperature was found to be positive 0,=97.2K,
which is in a perfect agreement with the previously reported
data 0,=98K'* and indicates dominance of ferromagnetic
exchange interactions. The effective magnetic moment was
estimated to be fi.;=3.69 up. This value is in reasonable
agreement with the previously reported data for Cr; /3Nb8213
and the theoretical value for high spin state Cr’' ion
uff’? = 3.87 up. The fitted value of the temperature inde-
pendent contribution is o =4 x 10~®emu/g*Oe.

The measurements of the AC magnetic susceptibility
were carried out using a driven field amplitude H,=4Oe
and a frequency f= w/2n =78 Hz. The temperature depend-
encies of the in-phase y/(T) and out-of-phase y”(T) compo-
nents are shown in Figures 2(a) and 2(b). Here one can
observe a step-like rise of the in-phase component at
Tc~96.5K. A sharp rise of the y/(T) curve is followed by a
cusp-like anomaly of the out-of-phase component y”(T)
around T-~96.5K. Moreover, out-of-phase component
exhibits nearly zero value above and below 96.5K. Such
behavior implies absence of hysteresis losses within the
whole temperature range 2—-300 K excepting narrow temper-
ature region around T~ which can be ascribed to the onset of
long range ferromagnetic order and soft-ferromagnetic
behavior below Curie temperature 7~ 96.5 K

Magnetization isotherm as a function of the applied
magnetic field at T=2K is shown in Figure 3. As one can
see, magnetization changes relatively faster in the field range
—5000e < H <500 0e followed by smooth increase in the
field range 500 Oe < H < 40 kOe and almost reach a satura-
tion at H >40 kOe. Such behavior is typical for ferromag-
netic systems with strong easy-plane anisotropy. The
saturation magnetic moment obtained from the magnetiza-
tion curve at H =50 kOe was estimated to be ,ug" =23 ug,
which is substantially lesser than the theoretical value 3 up
for high spin state Cr”" ion.
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FIG. 2. Temperature dependence of the AC magnetic susceptibility meas-
ured for Cr;/3NbSe, polycrystalline sample: (a) in-phase component y'(T)
and (b) out-of-phase component " (T).

B. Neutron diffraction above Curie temperature

A high resolution neutron powder diffraction experiment
at T= 132K has been performed in order to clarify the crys-
tal structure of Cr;/3NbSe,. It has been found that the meas-
ured neutron diffraction pattern can be well indexed by the
conventional \/§a0 X \/§a0 superstructure reported for vari-
ous M, 3NbX, (X =S, Se) compounds.23 In accordance with
Refs. 24 and 25 such a structure can be described with the
space group P6522 and suggests that M atoms predominantly
occupy 2c¢ (1/3 2/3 1/4) Wyckoft site, while another two ac-
cessible positions 2a (0 0 0) and 2b (2/3 1/3 1/4) are slightly
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FIG. 3. Field dependence of the magnetization measured at T=2K for
Cr;/3NbSe; polycrystalline sample. Enlarged part of the hysteresis loop
around zero field is shown in the inset.
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populated. Later neutron diffraction study of the Cr;;3NbS,
powder sample revealed that Cr atoms occupy 2¢ Wyckoff
site with factor 100%.'* This crystal structure model has
been taken as a trial model I for the Rietveld refinement of
the neutron diffraction data measured at T=132K on
Cr3NbSes. As one can see from Figure 4(a) and Table I the
Rietveld refinement gives obvious discrepancy between
observed and calculated profiles for low Q region and rela-
tively high agreement factors. The difference Fourier map
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FIG. 4. (a) The best fit result for model I performed on the NPD pattern
measured at 7= 132K for Cr; ;3NbSe, (see the text). Red symbols are exper-
imental values of the intensity, and black solid line represents the result of
the fit. The difference between calculated and observed intensities is shown
at the bottom as a solid blue line. The row of green vertical marks below the
patterns refers to the nuclear Bragg peaks. Bragg peak (110) given by the
impurity phase marked by an asterisk in the inset. The difference Fourier
map constructions in the z/c =0.25 plane for model I with fully occupied 2¢
Wyckoff site—(b) and without Cr atoms—(c).
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TABLE 1. Structural parameters of Cr; 3NbSe; refined from the neutron diffraction data measured at 7= 132 K using three models of the crystal structure (see
the text). Conventional Rietveld R-factors corrected for background are given at the bottom.

Model I

Model 1T Model IIT

SG P6;22
2(Nb) = 0.0008(2)
x(Se) =0.3309(4)
¥(Se) =0.0034(3)
2(Se) = 0.3678(1)

Atomic coordinates

Cr occupancy Cr—1
(fixed)
Refined stoichiometry Crg.33NbSe,

=847, R =52%
Rup=11%, Rorpy=1.2%

Agreement
factors

P6522
Z(Nb) = —0.0017(6)
x(Se) =0.3352(4)
y(Se) = —0.0036(5)
2(Se) = 0.3680(1)
Cr* —0.89(1)

Cr¥ —0.05(2)
Cr*—0.00(3)
Crg3:NbSe,
¥’ =543,R5=2.5%
Ryp=8.8%, Ropy=12%

P6s/mcem
x(Se) =0.6626(2)
z(Se) =0.3821(1)

Ccr?” —0.90(1)

Cl’o_g,()Nbsez
> =54.8,Rp=2.2%
Ryyp=8.8%, Rep=1.2%

constructed for this model in the z/c = 0.25 plane is shown in
Figure 4(b). Excess of scattering density manifests itself in
the Wyckoff position 2¢ (1/3 2/3 1/4) as a negative peak,
while the lack of scattering density can be seen in the
Wyckoff position 2d (2/3 1/3 1/4) as a positive peak. If all
Cr atoms from the cation layer are removed and the differ-
ence Fourier map in the z/c =0.25 plane is generated one
can observe a pretty symmetric profile with lack of scattering
density for 2b (0 0 0), 2¢ (1/3 2/3 1/4), and 2d (2/3 1/3 1/4)
Wyckoff positions (see Figure 4(c)).

Bearing in mind the results of difference Fourier map
construction the second crystal structure model (model II)
with Cr atoms allowed to be distributed over 2b, 2¢, and 2d
Wyckoff sites of the P6;22 space group was tested by the
Rietveld refinement. The unit cell parameters, atomic coordi-
nates, Cr occupancy, and profile function parameters were
allowed to be fitted. Despite the good enough agreement fac-
tors we were not able to reach convergence on the refinement
of model II. Moreover, one can see that low intensity (h0/)
reflections with odd / are absent on the experimental pattern,
though they exist in model II calculated profile (see Figure
5(a)). Our analysis revealed a predominant occupancy of the
2b Wyckoff site with factor 89%, while the occupation fac-
tors for both 2¢ (f~ 5%) and 2d (f ~ 0%) sites were found to
be comparable with the standard deviations (see Table I).
Removal of the 2¢ and 2d Wyckoff sites from the model
does not substantially affect the goodness of fit and agree-
ment factors. However, one cannot completely exclude a
slight occupancy of the 2¢ and 2d Wyckoff sites. It should be
noted that occupational disorder of Cr atoms was recently
observed by x-ray elastic and inelastic scattering on the sin-
gle crystal sample of Cr; /3Nb8221 and seems to be an inher-
ent feature of all M;,3NbX, (X=S or Se) intercalated
compounds. Such disorder of intercalant atoms over posi-
tions in cation layers strongly depends on the synthesis
method and heat treatment protocol.”?® However, contrary
to the result of our refinement for Cr,; ;3NbSe; all the crystal
structure studies for M; ;3NbX, reported predominant occu-
pation of the 2c Wyckoff site by M atoms.'*2!-2423

Detailed inspection of the refined atomic coordinates
obtained for model II makes us doubt that the crystal struc-
ture of Cr,3NbSe, is truly non-centrosymmetric. Indeed in
accordance with Ref. 20 distorted CrS¢ octahedra, observed
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FIG. 5. (a) The best fit result on the NPD pattern for Cr; 3NbSe, with model
II and (b) with model III. Red symbols are experimental values of the inten-
sity, and black solid line represents the result of the fit. The difference
between calculated and observed intensities is shown at the bottom as a solid
blue line. The row of green vertical marks below the patterns refers to the
nuclear Bragg peaks. Bragg peak (110) given by the impurity phase marked
by asterisk in the inset. (c) Visualization of the Cr;/3NbSe; crystal structure
refined using models I, II, and III.
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in the non-centrosymmetric Cr;,3NbS,, tend to be lesser dis-
torted on application of the hydrostatic pressure up to
6.8 GPa. In Cr;/3NbSe,, CrSeq octahedra at 2b, 2c¢, and 2d
positions turn out to be almost ideal at normal pressure. In
order to check missed symmetry elements the ADDSYM
procedure implemented in the PLATON program?®’ has been
applied to the refined crystal structure with default tolerance
parameters. It has been found that ignoring slightly popu-
lated 2c¢ and 2d sites the considered crystal structure pos-
sesses missed inversion center and can be described by the
space group P6;/mcm with the origin shifted by (0, O,
—0.25). This new crystal structure model (model III), which
suggests that Cr atoms occupy only 26 (0 0 0) Wyckoff site
of the space group P6s/mcm, has been tested by the Rietveld
refinement. The unit cell parameters, atomic coordinates for
Se, Cr occupation factor, and profile function parameters
were allowed to be refined. As one can see from Figure 5(b),
model IIT shows nice agreement between observed and cal-
culated profiles. We were able to reach convergence on the
refinement with the best agreement factors. The refined
structural parameters as well as the conventional Rietveld
R-factors are represented in Table I. The schematic visual-
ization of the Cry/3NbSe, refined crystal structure for all the
tested models is shown in Figure 5(c).

A brief comment should be given to the enhanced »*
value obtained for all the refined models. An additional Le
Bail fit,>® where peak intensities are optimized without
the constraint of a structural model, was performed for the
neutron diffraction pattern obtained at 132 K. The conven-
tional Rietveld R-factors were calculated to be R,,,, = 8.5%,
R, =1.2%, and 12: 50.3. As one can see these values are
as good as the ones obtained from the Rietveld refinement,
which indicates that the crystal structure model can no longer
be improved.*! It can be concluded that the enhanced y*
values originate from high counting statistics and low experi-
mental uncertainties of the neutron diffraction data.

C. Neutron diffraction below Curie temperature

The magnetic structure of Cr;,3NbSe, has been studied
using low temperature neutron diffraction data measured by
both QA and BS detectors of the SuperHRPD instrument. As
is shown in Figure 6, an additional contribution to the nu-
clear Bragg reflections can be observed at the NPD pattern
measured at 7= 10K. This contribution can be ascribed to
the neutron scattering on ferromagnetically ordered Cr spins
in Cr;3NbSe,. However, such contribution may also result
from scattering on the long period helicoidal magnetic struc-
ture with the propagation vector short enough not being
resolved by the instrument. In order to clarify this question
we analyzed the profile of the (1 0 2) Bragg peak measured
at T=132K and T = 10K using BS bank which provides the
best possible resolution for SuperHRPD. As one can see
from the inset in Figure 6 no visible sign of the magnetic sat-
ellites typical for helicoidal magnetic structures can be found
around (1 0 2) Bragg node at T=10K. An estimation of the
FWHM parameter revealed its increase of about 11% on
cooling sample down to 10K. If one assumes that such
increase of the FWHM is due to the magnetic satellite peaks

J. Appl. Phys. 119, 013903 (2016)
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FIG. 6. Neutron diffraction patterns measured by QA-bank at 7= 10K (line)
and 132K (circles). Zoomed (1 0 2) Bragg peaks measured by BS-bank at
T=10K and 132K are shown in the inset.

then the helix period should be over 3000 A in the real space.
Bearing in mind that the crystal structure of Cr;,3NbSe; is
not chiral and exhibits centrosymmetric character with an
inversion center between two neighboring Cr atoms along
c-axis, one can ignore the Dzyaloshinsky-Moriya interaction
which plays a key role in formation of the helical magnetic
order in the non-centrosymmetric Cry /\ngSZ.13 The Rietveld
refinement of the low temperature 7= 10K neutron diffrac-
tion pattern revealed that the best fit result (R, =4.5%) was
obtained for the simple ferromagnetic structure with mag-
netic moments aligned within the basal plane of the hexago-
nal unit cell. The refined value of Cr magnetic moment was
obtained to be < = 2.83 * 0.03 5.

IV. SUMMARY AND CONCLUSION

In the present work, the crystal structure and magnetic
properties of Cr;/3NbSe, were studied by high resolution
powder neutron diffraction, AC and DC magnetic measure-
ments. Three different models of the crystal structure for
Cr,3NbSe; have been tested by the Rietveld refinement. It
has been found that the non-centrosymmetric model II
(SG P6522) gives nearly the same agreement factors as the
centrosymmetric model III (SG P6s/mcm); nevertheless,
bearing in mind the results of the crystal structure analysis
performed with the ADDSYM procedure one can suggest
that model III is the best one to describe of the Cr;/3NbSe,
crystal structure. The unconstrained refinement of the Cr
occupation factors results in Cry3;NbSe, stoichiometry for
model II and Cr(30NbSe, stoichiometry for model III. This
result implies that disorder in Cr subsystem and small non-
equality in occupancy of the 2¢ and 2d Wyckoff sites (model
II) cannot be completely excluded. Contrary to the previous
works on M, /3NbX2,13 212425 e found that in Cr, ,3NbSe,
Cr atoms are predominantly distributed over 2b Wyckoff
site. Such a discrepancy may be associated with enhanced
covalency of the Se bonds formed with Cr in comparison
with the Cr-S bonds in Cr; ;3NbS,.

Taking into account the centrosymmetric character of
the crystal structure and absence of the contribution from
DM interaction one could expect a simple ferromagnetic
state emerges on cooling below the Curie temperature in
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Cr;3NbSe,. The results of our AC and DC magnetic meas-
urements proved this suggestion and showed that magnetic
state of Cr;/3NbSe, is a simple ferromagnet. It well agrees
with ferromagnetic structure model obtained from the
Rietveld refinement of the neutron diffraction data measured
at low temperature. However, the detailed DC and AC mag-
netization measurements on a single crystalline sample of
Cr, 3NbSe, are desirable to support the results of the present
work.
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