IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Electronic band-structure calculations of some magnetic chromium compounds

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1989 J. Phys.: Condens. Matter 1 9163
(http://iopscience.iop.org/0953-8984/1/46/009)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.96
The article was downloaded on 10/05/2010 at 21:02

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/1/46
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

I. Phys.: Condens. Matter 1 (1989) 9163-9174. Printed in the UK

Electronic band-structure calculations of some magnetic
chromium compounds

J Dijkstrat§, C F van Bruggent, C Haast and R A de Groot#

+ Laboratory of Inorganic Chemistry, Materials Science Centre of the University,
Nijenborgh 16, 9747 AG Groningen. The Netherlands

% Research Institute for Materials, Faculty of Science, Toernooiveld, 6525 ED Nijmegen.
The Netherlands

Received 1 March 1989

Abstract. In this paper band-structure calculations of CrS, CrSe, CrsSe, and CrSb are
presented. Together with our accompanying results for the chromium tellurides, these
calculations give a coherent picture of the changes in the electronic structure caused by anion
substitution and by introduction of cation vacancies. The importance of the Cr-X covalency
and the 3d,2—3d,2 overlap of Cr neighbours along the ¢ axis is stressed. Further, the band-
structure calculations shed some light on the formation, the variation in magnitude and the
coupling of the Cr magnetic moments and the indirect magnetic polarisation of the anion
bands.

1. Introduction

Binary chromium tellurides show ferromagnetic, metallic behaviour. The electronic
structure and some physical properties of Cr, _,Te, Cr;Te, and Cr,Te; were presented
in the preceding paper (Dijkstra ef al 1989b, hereafter called I).

Under the above-mentioned chromium tellurides, no half-metallic ferromagnets,
i.e. compounds with fully spin-polarised conduction electrons (de Groot et al 1983),
were found (see I). Besides the majority-spin ( 1) Cr 3d and Te 5p bands in all cases
also a minority-spin ( | ) band crosses the Fermi level Eg: for CrTe the bottom of the Cr
3d | band lies below Eg, while in Cr;Te, and Cr,Te; the top of the Te 5p | band is
situated above Eg. One way to create or increase a possible gap at Er for the | direction
between the Cr 3d and the chalcogen p band is to lower the anion p band. This can be
achieved by substitution of Te by Se or S. In this paper the influence on the electronic
structure of chemical substitution of Te by Se, S and Sb is studied.

In binary chromium selenides and sulphides, magnetic moments, mainly localised
on Cr, are present. The exchange interactions are predominantly antiferromagnetic in
these compounds (Goodenough 1963), in contrast to the ferromagnetic chromium
tellurides.

The transition from ferromagnetism to antiferromagnetism was studied experi-
mentally for various solid solutions, such as Cr,_ sTe, ., Se, (Tsubokawa 1956, Grazh-
dankina et al 1976), Cr;Te,_,Se, (Babot et a/ 1973, Babot and Chevreton 1980, Yuzuri
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Table 1. Crystal parameters (A) and Wigner-Seitzsphere radii (A) used in the band-structure
calculations of CrS, CrSe, CrSb and CrTe.

CrS CrSe CrTe CrSb
a axis 3.456° 3.684° 3.997° 4,127¢
c/a 1.6672 1.634° 1.557¢ 1.321¢
d(Cr-X) 2.46 2.61 2.78 2.74
d(Cr-Cr) 2.88 3.01 3.11 2.73
rer 1.225 1.270 1.223 1.242
rx 1.740 1.856 2.037 1.973

2 Chevreton (1964).

b Chevreton et al (1963).

¢ Makovetskii and Shakhlevich (1978).
4 Snow (1952).

and Segi 1977), CrsTe,_ S, (Yuzuri and Sato 1987), Cr,Te;_,Se, (Yuzuri and Segi 1977)
and CrTe,_,Sb, (Takei et al 1966, Grazhdankina and Zaynullina 1970). In many of the
above-mentioned solid solutions, canted spin structures are observed.

In § 2 electronic structure calculations of the equi-atomic compounds CrX (X =
Te, Se, S and Sb) in the hexagonal NiAs structure are presented. Trends due to the
substitution of the anions are analysed and also compared with literature data on MnSb.
Further, in § 3 we present the calculated band structure of Cr;Se, and compare it
with that of Cr;Te, of 1. The magnetic behaviour of metallic Cr;,,Se, varies from
antiferromagnetic for x > 0 to metamagnetic or ferromagnetic for x < 0 (Maurer and
Collin 1980).

2. Compounds with the NiAs structure: CrTe, CrSe, CrS and CrSb

2.1. Introduction

The Cr magnetic moments in CrSe were reported to form an umbrella-like anti-
ferromagnetic spin structure (Corliss er al 1961), but later Hollander and van Bruggen
(1980) found a trigonal spin structure by neutron diffraction. High-temperature sus-
ceptibility data give an extrapolated paramagnetic Curie-Weiss temperature © =
—185 K and p.; = 4.5 up (Lotgering and Gorter 1957, Tsubokawa 1960). Specific heat
measurements locate the Néel temperature Ty at 320 K (Tsubokawa 1960).

NiAs-type Cry .., S, which always has a few per cent Cr vacancies, exists only above
350 °C. When cooling below this temperature a Jahn-Teller distortion around Cu?*(d*)
results in a monoclinic lattice (Jellinek 1957). High-temperature susceptibility data
above 900 K give ® = —1585 K and u = 5.24 ug (Popma and van Bruggen 1969).

CrSbis ametallic antiferromagnet, consisting of ferromagnetic planes perpendicular
to the ¢ axis, which are antiferromagnetically coupled. The magnetic moment per Cr
atom is 2.7 pg (Snow 1952), determined by neutron diffraction. The Curie-Weiss law
gives © = —625 K and y i = 3.89 ug (Takei ez al 1963).

Band-structure calculations, using the augmented spherical wave (Asw) method,
were performed for CrS, CrSe and CrSb in the hexagonal NiAs structure for the
ferromagnetic, antiferromagnetic and non-magnetic state. The crystal parameters and
Wigner—Seitz sphere radii used in the calculation are tabulated in table 1. Details of the
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calculation are the same as for CrTe (see I). For comparison also the results for MnSb,
isoelectronic with CrTe, CrSe and CrS, obtained by Coehoorn et al (1985) and Motizuki
et al (1986) are given. MnSb is a ferromagnetic metal with a Curie temperature T of
585 K and a saturation magnetic moment of 3.5 ug per Mn atom.

2.2. The non-magnetic state

The calculated densities of states (DOS) of non-magnetic CrS, CrSe and CrSb are shown
in figures 1-3, together with the partial contributions from: the constituent atoms. The
DOS of non-magnetic CrTe is shown in figure § of I. The calculated band structure of
non-magnetic CrSb (figure 3) is in reasonable agreement with the results of the APw
calculation of Motizuki et al (1986).

All Dos curves show a low-lying anion s band. The lower part of the d—p complex of
16 bands has mainly anion p character, while contributions of the Cr 3d atoms are
predominant in the higher-energy part. Strong covalent mixing between the cation 3d
and the anion p states is observed. As in CrTe, the structure of the cation 3d bands is
determined by:

(i) the Cr—X covalency; the (trigonally distorted) octahedral coordination of Cr by
the anions causes a ligand-field splitting of the 3d states in six non-bonding t,, bands and
four antibonding e, bands;

(ii) the metal-metal interactions; especially the Cr 3d,2—-Cr 3d,2 interactions along
the c axis—the direction of short metal-metal distances—give strong broadening of the
bands, which obscure the ligand-field splitting.

The electronegativity variation of the anions is seen in, for instance, the energy
difference AE(d—p) between the peak in the d band near Er and the highest peak in the
anion p band and is tabulated in table 2. The chalcogenides are clearly more ionic than
the antimonides.

The Fermi level of CrS, CrSe, CrTe and MnSb lies at a high peak in the Dos of mainly
non-bonding transition-metal 3d states. The calculated density of states at the Fermi

Table 2. Results of band-structure calculations of compounds with the NiAs structure.

CrTe CrSe CrS CrSb MnSb

Non-magnetic :

Separation d—p peak (eV) 33 4.1 4.8 1.2 1.3%

N(Ey) (states/(eV unit cell)) 15.2 12.0 9.3 6.6 10.6°
Ferromagnetic

Exchange splitting Cr/Mn 3d (e V) 2.9 2.7 2.5 2.2 3.5°

Total magnetisation (ug per Cr/Mn) 3.51 3.40 2.84 2.67 3.240

Moment within Cr/Mn sphere (u5) 3.29 3.16 2.64 2.71 3.300

Moment within X sphere (u3) +0.22 +0.24 +0.20 -0.04 —-0.06°
Antiferromagnetic

Exchange splitting Cr/Mn 3d (eV) 2.8 2.7 2.5 2.4 3.0°

Moment within Cr/Mn sphere (u5) 3.17 3.00 2.61 2.79 3.16°

AE(F-AF) (meV fformula unit) +29 +110 +116 +213 —19°

* Motizuki et al (1986).
® Coehoorn ez al (1985).
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level N(Eg) for the non-magnetic state (see table 2) is lower for broader 3d bands, i.e.
for crystals with shorter metal-metal distances (c/2 and a). The high values of N(Ep)
give rise to ferromagnetism or antiferromagnetism in these compounds.

2.3. The ferromagnetic and antiferromagnetic state

Ferromagnetism is found in CrTe and MnSb and antiferromagnetism in CrSe, CrS and
CrSb. Band structures of these compounds were calculated for the ferromagnetic (F)
and antiferromagnetic (AF) spin ordering. The same lattice constants and Wigner—Seitz
sphere radii were used as in the calculations for the non-magnetic (N) state (table 1). For
the antiferromagnetic calculations the spin structure that was found for CrSb (Snow
1952) was used. This structure consists of parallel moments in the basal plane and
antiparallel orientation of moments in neighbouring planes along the ¢ axis. The mag-
netic unit cell is the same as the crystallographic unit cell. The two cations are treated
independently in the calculation. The real spin structure in CrSe and CrS is more
intricate.

The calculated total and partial DOs of CrS, CrSe and CrSb in the ferromagnetic spin
structure are shown in figures 4-6. The Dos of F-CrTe is plotted in figure 5 of 1. The
results of the AF calculations are shown in figures 7-9 and for AF-CrTe in figure 7 of I. In
the AF structure two magnetic sublattices are formed. In figures 7-9(») and (c) the
majority-spin ( 1) and minority-spin ( | ) DOS of one sublattice are plotted. The DOS of
the other sublattice is identical, only the role of 1 and | is interchanged.

For the ferromagnetic and antiferromagnetic states the same sequence of anion s
and p bands and cation 3d band are observed as in the non-magnetic case. The states
with mainly cation 3d character show a clear exchange splitting. The magnetic moments
within the Wigner—Seitz spheres are given in table 2. The Cr-X covalency gives rise to
a small splitting between the anion 1 and | p bands, which does not exceed 1 eV.

The Dos calculated for the AF structure shows narrower Cr 3d bands than for the F
and N state. The t,—e, ligand-field splitting of the octahedrally surrounded cation is—
especially in the | Dos—more clearly observed than in the N and F situations, since the
overlap of 3d,: orbitals between neighbours along the ¢ direction in the AF case gives
less broadening of the 3d bands than in the N and F case. This is not caused by a smaller

4:r //\ ta) F~CrS /\Mﬂm /}\
N

g Y

l Figure 4. (a) Total density of states (DOS)
0 -5 5 ’ 5 of ferromagnetic CrS for majority ( 1 ) and
minority ( | ) spin. (b) Partial Cr pos. (c)
Energy (eV) Partial S Dos. Units: states/(eV unit cell).
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overlap of the 3d,2 orbitals, but merely by the energy position of the interacting states.
In the F and N situation states of nearest neighbours along ¢ have the same energy. So
interaction leads to broadening of these bands. In the AF situation electrons of the same
spin direction on neighbouring cations along c belong to the majority-spin direction on
one and to the minority-spin direction on the other atom. The energy difference between
these states is the exchange splitting of about 3 eV, so that the 3d-3d band broadening
effect is smaller in the antiferromagnetic ordering. In the AF case the 3d-3d interactions
lead to a small rigid shift rather than to a broadening of the 3d bands.

2.4. Discussion

In table 2 some results of the band-structure calculations are tabulated. Results for
MnSb (Coehoorn et al 1985, Motizuki et al 1986) are also included for comparison. The
exchange splitting between the metal 3d 1 and | peaks increases with increasing
magnetic moment within the transition-metal sphere (see table 2), The magnetic
moments are mainly localised within the transition-metal Wigner—Seitz spheres. Chang-
ing the magnetic order leads to a variation of less than 6% of the magnetic moment within
the transition-metal spheres. In pure 3d transition metals the calculated magnitude of
the magnetic moment is much more strongly dependent on the imposed magnetic
structure (Gelatt et a/ 1983), while in Heusler alloys, with larger distances between 3d
transition-metal atoms, the calculated magnetic moments differ by not more than 3%
for various magnetic orderings (Kiibler et a/ 1983). The exchange splitting between the
Cr3d 1 and | peaksincreases with increasing magnetic moment within the transition-
metal sphere (see table 2).

In the F ordering the hybridisation of the transition-metal 3d states with the anion p
states causes a positive magnetic polarisation of the anion in the chalcogenides and a
negative polarisationin the antimonides. Owingto the small electronegativity difference
in the antimonides—see AE (d—p) for the non-magnetic case in table 2—the centre of
mass of the 3d states is well below the top of the Sb 5Sp band. As a consequence of the d—
p covalency some Sb Sp 1 states are pushed above Ey, leading to a negative magnetic
polarisation on Sb. For the chalcogenides the metal 3d states lie above the chalcogen p
band. In this case, d—p covalency pushes the p 1 states to somewhat lower energy than
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the p | states, resulting in a positive magnetisation of the chalcogen atoms. In the AF
ordering the magnetic moments within the anion spheres are zero by symmetry.

In principle it is possible to derive values for the exchange constants from the
differences in total energies, when calculations are made for several spin orderings
(Kiibler et al 1983). To obtain the first three exchange constants one has to perform
calculations for four different spin structures. We have only performed band-structure
calculations for two different magnetic structures (collinear ferromagnetic and collinear
antiferromagnetic), since other possible magnetic structures for the hexagonal NiAs
structure are non-collinear and thus much more difficult to calculate. Recently the first
self-consistent band-structure calculation of a non-collinear ferromagnetic compound
was published (Kiibler e al 1988). In table 2 the calculated difference in total energy
between the collinear ferromagnetic and antiferromagnetic state AE(F-AF) is given; a
negative value of AE(F-AF) means that the total energy of the ferromagnetic state is
lower than that of the antiferromagnetic state.

For the antimonides the calculations give the lowest energy for the true magnetic
structure: antiferromagnetic for CrSb and ferromagnetic for MnSb. In these cases the
largest exchange splittings and the largest magnetic moments (see table 2) are found for
the experimentally observed magnetic structure.

One isinclined to think that in general the magneticstructure with the larger magnetic
moments will be the one with the lowest total energy, since larger magnetic moments
are attended by alarger exchange splitting, giving the maximum gainin exchange energy.
However, for Heusler X,MnY alloys it was shown that there is a competition between
energy gained by inter-sublattice hybridisation (Mn-Y-Mn) and exchange energy,
because stronger inter-sublattice hybridisation generally reduces the local magnetic
moments (Kiibler et al 1983).

In the Cr monochalcogenides the experimentally observed magnetic structures are
all non-collinear (see § 2 and I), but the calculated energy differences between the
ferromagnetic and the antiferromagnetic state show the right trend in the magnetic
ordering of these compounds: the absolute value of AE(F-AF) increases in the series
CrTe-CrSe—~CrS, indicating a growing trend to antiferromagnetic ordering in this series.
This is in accordance with measurements of the paramagnetic susceptibility. The
extrapolated Curie-Weiss temperature © is ameasure for the overall sign and magnitude
- of the exchange constants (positive ©, F; negative ©, AF): CrTe, ® = 340 K (Lotgering
and Gorter 1957); CrSe, © = —185 K (Lotgering and Gorter 1957); CrS,© = —1585K
(Popma and van Bruggen 1969). However, the positive sign of the calculated A E(F-AF)
for CrTe is not in agreement with the observed ferromagnetic character.

From table 2 one can see that larger magnetic moments are found for the F ordering
than for the AF ordering. The magnitude of the local magnetic moments is mainly deter-
mined by the d-p covalency, although metal-metal interactions also contribute. So, the
gain in exchange energy is largest in the ferromagnetic ordering due to d—p covalency.

The decrease in the magnetic moment on Cr in the series Te—Se—S is mainly due to
the change in Cr 3d-3d interactions. The Cr 3d-3d interactions are strongest in the
compound with the shortest ¢ axis, i.¢. in CrS, as will be shown below. In the F case the
metal-metal interactions, especially the overlap of Cr 3d,: states along the c¢ axis,
broadenthe 3d bands, pushing some antibonding 3d 1 bandsabove Er and some bonding
3d | bands below Ep (see figures 4 and 5 and figure 5 of I), leading to a decrease of the
magnetic moment well below the ionic value of 4 ug. In the A¥ ordering Cr 3d,: overlap
along the ¢ axis couples states of the same spin direction. However, these states belong
to the majority-spin direction on one and to the minority-spin direction on the
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neighbouring Cr atom along the ¢ axis. Consequently, mixing of these states due to
3d,> overlap along the ¢ axis also gives in the AF ordering a decrease of the magnetic
moment. However, the centre of mass of the (occupied) d 1 band is slightly lowered due
to 3d,2 overlap, which is not the case in the ferromagnetic ordering. The net effect of the
Cr 3d,2 overlap along the c axis thus benefits the AF ordering, which is therefore found
inthe compoundswith the shortest caxis: CrSand CrSe. Atlarger metal-metal distances,
in CrTe, the ferromagnetism due to d—p hybridisation prevails.

3. Cr3 +xSe4

In the calculated band structure of Cr;Te, there is no gap between the Cr 3d | and the
Te 5p | bands bands and both cross the Fermi level (see figure 9 of I). Substitution of
Te by Se might lead to the situation that the anion p | bands no longer cross Er and a
half-metallic ferromagnetic compound would be the result. Experimental studies on the
Cr;Te,_,Se, (0 < x < 4) system show a gradual change from ferromagnetic to anti-
ferromagnetic behaviour with increasing x (Babot et al 1973, Yuzuri and Segi 1977).
However, the magnetic properties of Cr;. ,Se, (—0.2 < x < +0.2) are strongly depen-
dent on the stoichiometry (Maurer and Collin 1980): antiferromagnetic for x > 0 and
metamagnetic or ferromagnetic for x < 0.

The band structure of Cr;Se, is calculated with ferromagnetic spin ordering. The
crystal structure of Cr;Se, can be described in the space group 12/m or C3, (Bertaut et
al 1964), with the atoms on the special positions:

(0,0,0), (3,4, %) +
2Cr;in (2¢) £(0,0, %)
4 Cr, in (4i) =(x,0, z) with x = 0.028 and z = 0.240
4 Se, in (4i) £(x,0, z) with x = 0.336 and z = 0.866
4 Se, in (4i) *(x, 0, z) withx = 0.329 and z = 0.879.

Table 3. Crystal parameters (A) (Bertaut et al 1964) and Wigner-Seitz sphere radii (A), used
in the band-structure calculation of F-Cr;Se,.

a axis 3.62
b axis 6.32
c axis 11.77
x(Cr,) 0.028
rer 1.217
Tse 1.840
remprysphere 1.217

The Cr; atoms are located in the vacancy layers and have two Cr, neighbours along the
c axis. The Cr,atoms, located in the fully occupied metal layers, have only one neighbour
along the ¢ axis, a Cr,. The cell parameters and Wigner—Seitz sphere radii used in the
calculation are given in table 3. The energy band structure is plotted in figure 10. The
total and partial Dos of F-Cr,Se, are shown in figure 11. Magnetic moments of 3.250 and
3.144 ug within the Cry and Cr, Wigner—Seitz spheres, respectively, and of +0.143 and
+0.060 ug within the Se; and Se, spheres are calculated. The total magnetisation is
19.89 ug per unit cell (6 Cr).
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Figure 10. The energy band structure of F-Cr;Se,.

The top of the Se 4p band has a small positive spin polarisation, caused by the Cr—
Se covalency. The mean value of magnetisation on a Se atom is +0.10 ug. In Cr3Te, a
moment of —0.04 uy was found on the anion. This difference is caused by the larger
electronegativity difference in the selenide compound, so that the d/p hybridisation of
Cr;Se, is more or less as in figure 13(a) of I, while figure 13(b) of T applies to Cr Te,.

While in F-CrsTe, (I, §4) the Cr 3d| and the Te S5p| bands are overlapping
(~0.5eV), in F-Cr;Se, an indirect gap is opened between the Cr 3d | and the Se dp |
bands with a magnitude of 0.25eV. All Se 4p | bands lie below Eg. The Fermi level,
however, crosses the bottom of the Cr 3d | band. Consequently the magnetisation is
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reduced to a value lower than the 20 ug that would have been the result if Ex had fallen
inthed/p( | ) gap. The bottom of the Cr3d band mainly consists of bonding combinations
of the Cr 3d,: orbitals.

The large variationsin the magnetic properties of Cr; . ,Se, (—0.2 < x < 0.2) (Maurer
and Collin 1980) are probably correlated with the fact that the Fermi level of stoi-
chiometric Cr;Se, is close to the bottom of the Cr 3d | band. It is not impossible
that meta/ferromagnetic Cr;, ,Se, (—0.2 < x < 0) is a half-metallic ferromagnet, since
lowering of the Cr concentration gives a narrower Cr 3d | band, but we are not able to
calculate the electronic structure of such a non-stoichiometric compound. The trend
observed for substitution of Te by Se indicates that a calculation of ferromagnetic
trigonal Cr,Se; would possibly result in a half-metallic ferromagnet, since the smaller
Cr concentration will result in a narrower Cr 3d | band, which possibly lies above Ep.
However, Cr,Se; is strongly antiferromagnetic. In the system Cr,Se;_,Te, anti-
ferromagnetism is dominant in a much larger concentration range than in Cr;Se,_ Te,
(Yuzuri and Segi 1977).

Another possibility to decrease the Cr 3d |, band width by lowering the number of
Cr 3d-Cr 3d interactions along the c axis is substitution of part of the Cr atoms by non-
magnetic atoms. When half of the Cr atoms in CrSe are replaced by K atoms, in such a
waythateverysecond metal layer alongthe caxisisa Klayer, we obtainthe metamagnetic
compound KCrSe, (Wiegers 1980). This layered compound becomes ferromagnetic
when a magnetic field of only 1.3 T is applied (van Bruggen er al 1979). Electronic
structure calculations show that KCrSe, in the ferromagnetic state is a half-metallic
ferromagnet, i.e. only minority states cross the Fermi level (Dijkstra et al 1989a).
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