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Abstract

An investigation on the electronic and magnetic properties of NiAs-type CrTe and CrSe has
been performed for ferromagnetic, antiferromagnetic and non-collinear spin configurations,
using the spin-polarized relativistic KKR (Korringa—Kohn—Rostoker) band structure method.
Calculated exchange coupling parameters, as well as the total energy calculated as a function of
the tilt angle of magnetic moments, indicate the presence of a non-collinear spin structure in
CrTe and CrSe. The existence of a non-collinear spin structure is also shown by Monte Carlo
(MC) simulations used for studies on the temperature dependent magnetization. The results are
compared with available results in the literature and are in satisfactory agreement with the

experimental results.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Transition-metal chalcogenides have attracted much interest
in the past due to their large variety of physical properties,
particularly concerning the relationship between the magnetic
ordering and the composition.

The system Crj_,(Te, Se) can be found in different
crystallographic structures, depending on the concentration
x as well as on the ratio Te:Se. The first x-ray study on
CrTe was performed by Haraldsen and Neuber [1], reporting
a mixing of two intermediate phases (an « hexagonal phase
and a B monoclinic phase). According to the phase diagram
determined by Ipser et al [2], the system has the hexagonal
NiAs structure for x < 0.1. One should note that the
stoichiometric CrTe system with NiAs structure does not
exist [3]. Crj_,Te with the hexagonal NiAs structure is
a ferromagnet with a Curie temperature 7c ~ 340 K, an
experimental saturation moment mg of about 2.4-2.7 up at
4.2 K and an effective paramagnetic moment m,. of ~4.0—
4.5 pup [4-7]. There is an apparent discrepancy between the
magnetic moments m. on Cr, of 4 ug and higher, deduced
from susceptibility measurements in the paramagnetic regime,
band structure calculations and the low values of Cr magnetic
moments mg obtained from saturation of the magnetization at
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4.2 K (~2.4 up), respectively. If the spin structure in the
ferromagnetic (FM) state is assumed to be collinear, the ratio
o = m./my is 4.0/2.4 =~ 1.6. The deviation of this ratio
from 1 is quite typical for an itinerant FM system. In fact,
inserting the ratio 1.6, together with the Curie temperature, into
the Rhodes—Wohlfarth plot [8] the corresponding data point
lies quite close to the line representing the average behaviour of
itinerant-electron FM solids. On the other hand, a deviation of
o from 1 can also be caused to some extent by the presence of
a non-collinear spin configuration in the magnetically ordered
ground state. The occurrence of such structures has been
suggested by various neutron diffraction studies [9-13].

The Curie temperature determined in these experiments
is around 370 K. The observed decrease of the total magnetic
moment at low temperature in the field-free regime is attributed
to the creation of a non-collinear magnetic structure. The
transition to the state with non-collinear magnetic structure in
CrTe appears at about 170 K [12].

Another compound with interesting magnetic properties
which is considered here is CrSe. Tsubokawa [14] and
Makovetskii and Shakhlevich [12] reported the para-to
antiferromagnetic (AFM) transition in this compound to occur
at about 300 K with an effective spin magnetic moment of
4.9 pp derived from the measurements of the high-temperature

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. The spin resolved total and component resolved density of states of FM-CrTe (left) and AFM-CrSe (right) calculated by the

SPR-KKR method using an optimized lattice parameter (see the text).

susceptibility. Corless et al [15] found, from neutron scattering
measurements, an umbrella-like AFM spin configuration with
a Cr magnetic moment of 4 up.

To clarify this situation the electronic and magnetic
properties of stoichiometric CrTe and CrSe have been
calculated. Results obtained for the magnetic moments for the
ferro- and antiferromagnetic phase are presented in the next
sections and compared with data from the literature. To explore
the possible presence of a non-collinear spin configuration in
the ground state, Monte Carlo (MC) simulations have been
performed on the basis of the classical Heisenberg model with
the exchange coupling parameters calculated within the KKR
Green function method.

2. Band structure calculations

The electronic structure of stoichiometric CrTe and CrSe was
calculated self-consistently by means of the spin-polarized
relativistic Korringa—Kohn-Rostoker (SPR-KKR) method,
employing the atomic sphere approximation (ASA) [16, 17].
The calculation method is based on the KKR-Green function
formalism that makes use of multiple scattering theory. The
details of the calculational method have been described
elsewhere [18, 19]. Exchange and correlation effects were
treated within the framework of local spin density functional
theory, using the parametrization of Vosko et al [20].

The band structure calculations have been performed for
the NiAs-type structure (space group P63/mmc) with the Cr
atoms at sites (0,0, 0) and (0, 0, %) and Te(Se) atoms at the
sites (%, %, J—‘) and (%, %, %). The lattice parameter a was
optimized within the total energy calculations keeping the ratio
c/a fixed to the experimental value [21]. The calculations have
been performed for both FM and AFM magnetic structures
of both compounds. The optimized lattice parameters of the
different magnetic states (FM and AFM) of CrTe and CrSe
differ by less than 1%. Thus, in the subsequent calculations
the lattice parameters for stoichiometric compounds (CrTe and
CrSe), as well as for Cr(Te, Se) alloys, have been chosen as
the ones obtained by lattice optimization: for the FM state of

CrTe- and Te-rich alloys and for the AFM state of CrSe- and
Se-rich alloys.

The total and component resolved density of states (DOS)
for ferromagnetic CrTe and antiferromagnetic CrSe obtained
by the SPR-KKR calculations are shown in figure 1. They
are very similar to the results obtained by using the scalar
relativistic version of the ASW band structure method [22, 23].
The well-separated narrow energy bands at binding energies
around 12 eV and 14 eV have dominating anion (Te and Se,
respectively) s character, whilst the higher energy bands have a
mixed Cr(3d)-Te(5p) or Cr(3d)-Se(4p) character in CrTe and
CrSe, respectively. In the lower part of the d—p band, the p
character is stronger and the influence of the exchange-splitting
is accordingly of minor importance. The higher part of the d—p
band, on the other hand, shows a clear exchange-splitting due
to its dominant Cr(3d) character.

The magnetic moments obtained in our calculations are
shown in table 1, together with the results reported by Dijkstra
et al [22]. We present here the results both for the FM and
AFM configurations of the investigated compounds, with the
Cr spin moments oriented along the ¢ axis. The difference
between the magnetic moments is very small for the two
(FM and AFM) spin configurations considered. This means
that they adequately satisfy the assumptions underlying the
application of the Heisenberg model, which requires spin
magnetic moments to be unchanged under rotation (RSA: rigid
spin approximation). Therefore, the RSA model approach
can be considered as a reliable basis to study the temperature
dependent magnetic properties of CrTe and CrSe compounds.

The spin magnetic moment of Cr obtained within the
present calculations is somewhat lower than the value based
on ASW calculations, both for FM and AFM configurations.
This is a result of the use of optimized lattice parameters (a =
7.25 au and a = 6.7 au for CrTe and CrSe, respectively) in the
present calculations, which are smaller than the experimental
values (a = 7.56 au and a = 6.96 au for CrTe and CrSe,
respectively) [4—7], while the calculations of Dijkstra et al have
been done using the experimental lattice parameters. The total
energy calculations show the stability of the FM state for CrTe
compared to the AFM one (Apy—ar = —2.84 mRyd), while
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Table 1. Spin and orbital magnetic moments in CrTe and CrSe resulting from SPR-KKR and ASW [22] calculations done using slightly

different lattice parameters (see the text).

Ferromagnetic Antiferromagnetic
SPR-KKR ASW SPR-KKR ASW
Spin Orb. Spin Spin Orb. Spin
CrTe
Cr magnetic moment ((g) 2.71 0.002 3.51 2.72 0.03 3.17
Te magnetic moment (ug) —0.032 —0.011 0.22 0.00 0.00 —
CrSe
Cr magnetic moment (/4g) 2.51 —0.002 3.40 252 —0.001 3.0
Se magnetic moment (ug) —0.008 —0.004 0.00 0.00 —

for CrSe the AFM state has a lower energy than the FM one
(AFM—AF =3.71 mRyd)

3. Magnetic exchange coupling parameters

In general, band structure calculations for magnetic systems
are performed assuming a collinear magnetic structure.
Mapping the results of ab initio calculations onto a model
Hamiltonian allows one to study non-collinear magnetic
structures in materials, as well as their temperature dependent
behaviour, in a relatively easy way. However, one should
keep in mind the approximations used in this approach when
resulting theoretical magnetic structures are compared with
those obtained by experiment. The model investigations done
in the present work are based on the effective Heisenberg
Hamiltonian

He = _ZJijéi - €, (D

(izj)

where the summation is performed over all lattice sites i and
j with i # j. Here ¢; and ¢; are the unit vectors along
the directions of the magnetic moments on sites i and j
respectively, and J;; is the exchange coupling parameter for
the corresponding pair of magnetic moments.

A rigorous expression for the exchange parameters J;; can
be obtained within local spin density functional (LSDF) theory
using the KKR Green function formalism. The approach
described by Lichtenstein [24, 25] is based on the calculation
of the variation of the total energy with small deviations
of two magnetic moments from their equilibrium directions.
The exchange interaction parameter J;; between the magnetic
moments located on sites i and j is then given by the formula:

Er
Jij = E:‘/ Tr (1 — ;e @7 —;DE] dE. ()
Here 7;,| and 7/, are the inverse single-site scattering /-matrix
and the scattering path operator for spin orientation m (1, |)
and connected with the sites i and j. Tr;, means the trace over
the orbital states labelled by the combined quantum number
L =(,m).

The parameters J;; describing exchange coupling between
Cr atoms occupying the same sub-lattice, as well as different
Cr sub-lattices (see figure 2), in CrSe and CrTe are presented

Cr2

Figure 2. NiAs-like unit cell of CrQ (Q = Te, Se) showing the two
Cr sub-lattices Crl and Cr2. The arrows indicate the Cr moments
tilted by £6/2 away from the c-axis, respectively, as assumed for the
total energy calculations for non-collinear structures.

in figure 3. They are obtained for collinear spin configurations
having the lowest energy, i.e. for the FM order in CrTe and
the AFM order in CrSe. Note that the sign of the Crl-
Cr2 exchange coupling parameters calculated for the AFM
structure of CrSe via equation (2) has been reversed to conform
with the sign convention in equation (1).

For both compounds the exchange coupling parameters
have an oscillatory behaviour with a rather slow decay
with the inter-site distance R;;. As was shown by
Hirone and Adachi [26], this behaviour is typical for the
exchange parameters in systems having the NiAs-type lattice
structure. The resulting competition between the oscillating
ferromagnetic and antiferromagnetic exchange should lead to
complex spin configurations, including frustration and non-
collinear magnetic order in these systems [27, 28].

4. Non-collinear spin structure

To give a clear indication concerning the most stable
spin configuration, one can perform either band structure
calculations for a non-collinear spin arrangement in the CrTe
and CrSe compounds, or MC simulations using the exchange
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Figure 3. Cr—Cr exchange coupling parameters J;; obtained for the FM spin configuration in CrTe (left) and the AFM spin configuration in
CrSe (right) as a function of the inter-site distance R;; (a is the optimized lattice parameter).
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Figure 4. Left panel: total energy of CrSe and CrTe as a function of the tilt angle 8 for the Cr magnetic moments (see figure 2). Right panel:
difference in total energy between the FM and AFM states of CrTe,_,Se, as a function of Se concentration.

coupling parameters evaluated within ab initio calculations for
a collinear magnetic structure. The first way should give more
precise results but requires considerable computational effort.
Therefore, we performed self-consistent calculations only for
the non-collinear spin configuration, keeping the translational
symmetry of the lattice unchanged (figure 2), in order to prove
the instability of the collinear spin configuration. Tilting the
Crl and Cr2 magnetic moments by the angles £6/2, as is
shown in figure 2, we calculated the dependence of the total
energy on the tilt angle 6 between the spins. The results for
CrTe and CrSe are shown in the left panel of figure 4.

It can clearly be seen that the FM spin configuration (with
6 = 0°) is more stable in the case of CrTe than the AFM
@ 180°) configuration, while for CrSe the situation is
reversed. As is seen in the right panel of figure 4, the difference
between the energies in FM and AFM states, Epy — Eapm, for
the alloys CrTe;_,Se, varies nearly linearly as a function of
Se content, from —2.84 mRyd for CrTe to ~+3.71 mRyd for
CrSe.

However, for CrTe and CrSe, the FM and AFM phases are
not the most stable ones. The lowest energy corresponds to a
tilt angle of & = 80° and & = 120° between the Crl and Cr2
moments in the case of CrTe and CrSe, respectively. Although
these results confirm the expectation that the ground state spin
configuration of these compounds is non-collinear, they do not
rule out the existence of other energetically more favourable
non-collinear spin structures.

Indeed, more favourable spin structures were found within
MC simulations based on the Heisenberg model, using a
standard Metropolis algorithm [29]. The exchange coupling
parameters were calculated within the KKR Green function
formalism, as mentioned above. The critical temperature
has been evaluated using the cumulant crossing method [29].
The largest cell used in simulations consists of 12 x 12 x
12 unit cells (3456 atoms) that were repeated with periodic
boundary conditions. The simulations have been performed
under cooling of a sample starting at a high-temperature
paramagnetic state. In the case of CrTe, a phase transition
to a state with dominantly collinear configuration (FM) was
observed around the temperature 280 K. The temperature of
this transition (7¢) is in reasonably good agreement with that
obtained in experiment (350 K [12], 320 K [14]). A further
temperature decrease is accompanied by a slow increase of
the total magnetic moment. Note, however, that the FM-
like ordering is very sensitive to the number of atomic shells
taken into account for the energy evaluation within the MC
simulation, because of the rather slow decay of the exchange
coupling parameters with distance (see figure 3). Therefore,
we to into account in our simulations all couplings within a
sphere with radius Rn.x = 3.3a, with a the lattice parameter.
A further decrease of the temperature leads to another phase
transition at T 30 K. The magnetic state below this
temperature is characterized by a small effective total magnetic
moment. This is caused by the non-collinear magnetic

%
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Figure 5. Spin spirals created at low temperature within the xy plane
of the Cr sub-lattice in the CrTe compound having a NiAs structure;
different colours show nonequivalent atoms in the unit cell.

structure, shown in figure 5, which consists of a set of spin
spirals within the xy-planes of the Cr sub-lattice in CrTe. The
transition temperature to the non-collinear magnetic state is
small when compared to that observed in experiment. This
discrepancy can be attributed to the approximations used
within the present model considerations, such as the conditions
for calculating the exchange coupling parameters, the number
of atomic shells accounted for in the MC simulations, use of the
experimental c/a ratio instead of that found within structure
optimization procedure, etc.

The MC simulations for CrSe show a transition to
the ordered magnetic structure at 280 K, which is shown
in figure 6. As is seen, the z-components of the Crl

and Cr2 magnetic moments are aligned anti-parallel to
each other, however the x and y components are non-zero
due to an umbrella-like magnetic structure in the system,
Note that

which is also observed in experiment [15].

the magnetic structure obtained within the MC simulations
exhibits a non-compensated total magnetic moment ~0.6 ug,
i.e. one can speak about non-collinear ferrimagnetism of
CrSe. Previous authors [14, 15, 30] discuss a transition to
a non-collinear AFM state on the basis of their experimental
work. The corresponding transition temperature (320 K) found
theoretically within the present work is in good agreement
with that observed experimentally (280 K [30], 360 K [14],
300 K [15]). Figure 6 (top right) represents the magnetic
structure within the basal Cr planes. One can clearly see that
this structure leads to an enlarged magnetic unit cell within the
plane with a period a~/3, while the period along the z direction
remains unchanged. This is in full agreement with the results
of a neutron scattering experiment [15].

The origin of the observed magnetic structure can be
traced back to the exchange coupling parameters. We can
restrict the consideration to the J;; parameters characterizing
the interactions between the Crl and Cr2 sub-lattices (see
figure 2). As is seen in figure 3, the exchange interaction
between the first neighbouring atoms of Crl and Cr2 sub-
lattices is strongly ferromagnetic (CrTe: ~11.1 meV; CrSe:
~12.1 meV) while the next-neighbouring Crl and Cr2 atoms
couple antiferromagnetically (CrTe: ~-—3.7 meV, CrSe:
~—3 meV). Accounting for the number of atoms in these
two shells (first neighbours—2 atoms, second neighbours—
12 atoms), their contribution results in AFM ordering of Crl
and Cr2 atoms, both for CrSe and CrTe. However, accounting
for the other long-range exchange interactions leads to non-
collinear structures with AFM alignment of Crl and Cr2 sub-
lattices in CrSe and a more preferable FM alignment of Crl and
Cr2 sub-lattices in CrTe. The reason for this difference is the
stronger FM couplings at large distances between Crl and Cr2

Figure 6. Umbrella-like structure created in CrSe by Crl and Cr2 sub-lattices (top left). Projection of the unit cell of CrSe on the xy basal
plane (top right). An enlargement of the unit cell is observed due to magnetic superstructure (solid line) and the umbrella-like cell (dashed

line) are shown at the bottom.
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Figure 7. Magnetic phase diagram for the CrTe,_,Se, system.
Theoretical results obtained in the present work are compared with
the results of experiment [12].

atoms in CrTe than in CrSe; these stabilize the FM alignment
of the Crl and Cr2 sub-lattices in CrTe. As was mentioned
above, a competition between all FM and AFM interactions,
both within the Crl and Cr2 sub-lattices as well as between
them, leads to the non-collinearity in these systems.

Substitution of Te atoms by Se in CrTe, and substitution
of Se atoms by Te in CrSe, results in modifications of
the exchange interactions between Cr atoms leading to
concentration dependent critical temperatures in CrTe;_,Se,
alloys. The occupation of the chalcogenide sub-lattice, in
this case by Te and Se atoms, was assumed to be completely
random. This situation was accounted for by making use of the
CPA alloy theory [31, 32]. In combination with the KKR band
structure formalism it allowed us to study the electronic and
magnetic properties of the ground state of CrTe;_,Se, alloys at
T = 0 K. The finite-temperature magnetic properties, as well
as in the case of stoichiometric compounds, have been studied
using Monte Carlo (MC) simulations based on the classical
Heisenberg model.

The results and corresponding data are presented by the
phase diagram shown in figure 7, where theoretical critical
temperatures for Te- and Se-rich alloys are compared with
experimental results. As one can see, the approach used
in the present work leads to a satisfactory agreement with
experimental data. In the mid region of concentrations the
experimental phase diagram becomes more complex. On
the other side, the calculated magnetic structure becomes
very sensitive to small variations of the exchange parameters,
leading to non-collinear structures in the alloys.

5. Conclusions

Self-consistent SPR-KKR calculations for CrTe and CrSe
show an instability of the collinear magnetic states for both
compounds. Within MC simulations for CrTe, two phase

transitions have been obtained upon a temperature increase—
at T = 30 K—from the non-collinear to the FM state and
at 7 = 280 K—from the FM to the PM state. In CrSe
the MC simulation shows a so-called umbrella-like structure
below 7" = 320 K, with anti-parallel alignment of the magnetic
moments of neighbouring layers. All these results are in
satisfactory agreement with the experimental data of various
authors.
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