
PHYSICAL REVIEW B VOLUME 45, NUMBER 10 1 MARCH 1992-II

Ferrimagnetic-antiferromagnetic phase transition in Mnz Cr„Sb:
Electronic structure and electrical and magnetic properties

J. H. Wijngaard' and C. Haas
Laboratory of Inorganic Chemistry, Materials Science Centre, University of Groningen,

Nijenborgh 16, 9747 AG Groningen, The Netherlands

R. A. de Groot
Laboratory ofInorganic Chemistry, Materials Science Centre, University of Groningen,

¹jenborgh 16, 974726 Groningen, The Netherlands

and Research Institute for Materials, Faculty ofScience, Toernooiveld, 6525 ED Nij megen, The Netherlands

(Received 11 September 1991)

Self-consistent spin-polarized energy-band calculations have been performed for Mn2Sb for a ferri-

magnetic {FI),ferromagnetic (F), and antiferromagnetic (AF) spin alignment. The calculated local mo-

ments on the two types of Mn atoms are in agreement with values obtained from neutron diffraction for
FI Mn2Sb. A comparison of the band structures of FI, F, and AF Mn2Sb shows characteristic
differences in hybridization between the Mn 3d orbitals and Sb Sp orbitals. The covalent interactions be-

tween Mn(1) and Mn(2) 3d orbitals are responsible for a strong direct antiferromagnetic exchange within

the triple layers Mn(2)-Mn(1)-Mn{2). The exchange between triple layers is attributed to a much weaker

indirect exchange via Sb Sp states. We also carried out measurements of the magnetic properties and the

electrical transport properties (resistivity, Seebeck effect, Hall effect) of single crystals and polycrystal-
line samples of Mn2Sb and Mn2 „Cr„Sb (x & 0.2). The Cr-doped samples show a phase transition from

an AF to a FI state. This phase transition is associated with strong changes of the electrical transport

properties. We have analyzed these changes in terms of the calculated band structures of FI and AF
Mn2Sb.

I. INTRODUCTION

Mn2Sb is a ferrimagnetic compound with a Curie tem-
perature of 550 K. In the crystal structure there are two
crystallographically different Mn atoms, Mn(1) and
Mn(2), with magnetic moments which are antiparallel in
the ferrimagnetic state. ' The magnetic properties
change drastically if part of the Mn atoms are substitut-
ed. ' The compounds Mn2 Cr„Sb with
0.01(x (0.25 show a first-order phase transition from
the ferrimagnetic state to an antiferromagnetic state.
The phase-transition temperature T, increases with in-
creasing Cr content x, and can be changed by applying a
magnetic field. Neutron-dift'raction studies show the
presence of triple layers Mn(2)-Mn(1)-Mn(2) with antipar-
allel magnetic moments on Mn(l) and Mn(2) in both the
ferrimagnetic and antiferromagnetic states. ' ' In the
ferrimagnetic state the moments of all triple layers are
parallel, whereas the ordering is antiparallel in the anti-
ferromagnetic state. For very small Cr content
(x &0.035), an intermediate phase with a spiral spin
configuration is found. ' The temperature dependence
of the sublattice magnetizations and the magnetic anisot-
ropy of Mn2Sb and Sn-, Cr-, and Fe-substituted Mn2Sb
has been studied extensively using NMR and Mossbauer
techniques. ' ' The spin-wave dispersion of Mn2Sb and
Mn2 Cr Sb has been measured with inelastic neutron
scattering.

The electrical and thermal transport properties are also

influenced by the phase transition. Changes up to 13% in
the electrical conductivity and 11% in the thermal con-
ductivity are reported by Sato et al. when going
through the phase transition by applying a magnetic field.
This makes it possible to use the compound as a therma1
switch.

The Cr substitution does not alter the crystal structure,
but it changes the lattice parameters. Moreover, the
phase transition is accompanied by discontinuities in the
crystallographic a and c axes. The value of the c axis at
which the discontinuity appears is about the same for all
values of the Cr content x, and is equal to co=6.53 A. '

These observations suggest that the phase transition is
driven by a strong dependence of the exchange interac-
tions on the interatomic distances.

In a discussion of the phase transition in Mn2 Cr„Sb,
Kittel treated the magnetic structure as consisting of
two equivalent magnetic sublattices 3 and 8. Each sub-
lattice represents a set of triple layers Mn(2)-Mn(1)-
Mn(2). The exchange interactions within a triple layer
are assumed to be strong. The central assumption of the
model is that the exchange interaction between A and B
is rather weak and is a linear function of the lattice pa-
rameter c, and that it becomes zero at a critical value co.
Because of the temperature dependence of the lattice pa-
rameters, a phase transition from an antiferromagnetic
structure to a ferrimagnetic structure will occur at the
temperature T, where c =co. The lattice parameters also
depend on the Cr content x, as observed. Thus, the role
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of Cr is not to induce directly a change of the strength or
sign of the exchange interaction, but rather to induce
changes of the lattice parameters. The model of Kittel
makes it possible to explain the observed shift of the tran-
sition temperature T, with an applied magnetic field. For
a quantitative explanation of the observed magnetic prop-
erties, a more detailed theory is necessary.

It is remarkable that, in spite of the interesting phase
transition in Cr-substituted Mn2Sb, only a few not very
detailed studies of the magnetic and electrical properties
have been reported in the literature. In this paper we re-
port some experimental results of the electrical resistivi-
ty, the Seebeck effect, and the Hall effect as a function of
temperature and applied magnetic field for Mnz „Cr Sb.
We also presented ab initio spin-polarized band-structure
calculations on Mn2Sb. The calculations were carried out
for the ferrimagnetic, ferromagnetic, and antiferromag-
netic states of Mn2Sb, in order to gain insight in the na-
ture of the magnetic interactions (direct versus indirect
exchange). We discuss the electrical transport properties
in terms of the calculated electronic structure.

HL 4L

QD

0o

~ Mn(t)g

QMn(2)

Qo gg

HL 4L

ia' F i4'
~F

c3.
F I RF

FIG. 1. Crystal structure of Mn2Sb. The arrows indicate the
ordering of the magnetic moments in the ferrimagnetic (FI) and
antiferromagnetic (AF) phases.

B. Magnetic properties

geneity of the Cr concentration is easily checked by resis-
tivity measurements because only homogeneous samples
show a sharp phase transition.

II. EXPERIMENTAL PART

A. Synthesis and crystal structure

In order to synthesize Mn2 „Cr„Sb, appropriate
amounts of the pure elements were mixed in an alumina
crucible, which was put inside a quartz tube. The quartz
tube was evacuated, sealed, and gradually heated up to
900'C in a Bridgman furnace. The temperature was kept
at 900'C for 1 day. Then the temperature was raised to
955'C (just above the melting point of 948'C of Mn2Sb).
The temperature of the alumina crucible was slowly
lowered by transport of the tube in the temperature gra-
dient of the furnace. After 2 days the temperature of the
crucible had reduced to 900'C. After this the tempera-
ture was lowered to room temperature in about 3 days.
By this procedure it was possible to grow good single
crystals of Mn2 Cr„Sb. The crystals showed easy
cleavage parallel to the a-b plane.

Mn2Sb has a tetragonal crystal structure of the Cu2Sb
type, with space group P4/nmm. ' The lattice con-
stants at room temperature are a =4.08 A and c =6.56
A. The Mn atoms occupy two different crystallographic
positions Mn(l) (0,0,0), ( —,', —,', 0) and Mn(2) (0, —,',z),
( —,', 0, —z) with z =0.295. The Sb atoms are at positions
(0, —,',z'), ( —,', 0, —z') with z'=0. 280. The crystallographic
unit cell, and also the ordering of the magnetic moments
in the ferrirnagnetic and antiferromagnetic phases, are
shown in Fig. 1. The crystal structure of Mnz „Cr Sb is
the same as that of Mn2Sb, with a disordered distribution
of the Cr atoms.

All synthesized samples were investigated by x-ray
powder diffraction, and showed the Cu2Sb-type structure.
The observed dependence of the lattice parameters on the
Cr content x agrees with data reported in the literature. '

The spatial distribution of Cr in large samples is rather
inhomogeneous, as a result of the method of preparation.
Therefore, we used for the rneasurernents rather small
samples in which the Cr content is constant. The homo-
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FIG. 2. Spontaneous magnetization of single crystals of
Mn2Sb (curve 1) and Mn, 95Cro O5Sb (curve 2).

Magnetization measurements of Mnz „Cr Sb samples
were carried out as a function of the applied magnetic in-
duction B, (up to 5 T) at temperatures between 4 and 340
K, using a Faraday balance. The spontaneous magnetiza-
tion pgf, was determined by extrapolating the high-field
part of the magnetization isotherm to the value of the ap-
plied induction B,=I"~,=Ndj"Pf, where po is the vac-
uum permeability and Nd is the demagnetizing factor.

Results for the spontaneous magnetization of single
crystals of Mn2Sb and Mn, 95Crp p5Sb as a function of the
temperature are shown in Fig. 2. The spontaneous mag-
netization of Mn2Sb extrapolated to T =0 is 0.36 T. This
value corresponds to an average magnetic moment of
0.85p~ per manganese atom, in good agreement with the
value of 0.87p& reported by Wilkinson et al. The mag-
netization data for Mn

& 95Crp p5Sb show a sharP transi-
tion at T, = 177 K. Below T, there remains a small

temperature-independent magnetization of 0.025 T,
which is probably due to the presence of a small amount
(-2%) of ferromagnetic MnSb which seems to be
present as a second phase in all Cr-doped Mn2Sb sam-

lp, 25
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strongly with increasing Cr content and is attributed to
scattering of the charge carriers at Cr atoms.

Figure 6 shows magnetoresistivity data for a single
crystal Mn»6Cro 04Sb for an electrical current perpendic-
ular to the c axis and a magnetic field parallel to the c
axis. The large change of the resistivity near T, is due to
the field-induced transition from the antiferromagnetic to
the ferrimagnetic state. At 157 K the transition is comp-
leted for an applied field of 2.7 T. There is a large hys-
teresis in the resistivity, as expected. Below 152 and
above 165 K the change of the resistivity with magnetic
field is small. The magnetoresistance data are consistent
with the behavior expected from magnetic measurements.

In Fig. 7 typical results of measurements of the See-
beck effect of Mn2 Cr„Sb are given. We find that the
Seebeck effect of single crystals depends only slightly on
the orientation of the temperature gradient with respect
to the c axis. Moreover, the Seebeck effect of polycrystal-
line samples is nearly the same as that of single crystals.

The observed data show a small positive Seebeck
coefficient of Mn2Sb, indicating the presence of holes.
Above the transition temperature T, the Seebeck effect of
Mn2 Cr Sb approaches that of Mn2Sb. The Seebeck
effect changes at T, and becomes strongly negative below
T, . This change is attributed to the different magnetic
structure; if it were due directly to the chromium atoms,
one would expect a change proportional to the chromium
content, which is not observed.

D. Hall effect

The Hall resistivity of magnetic materials is given by
the relation

p„~ =F»/j„=RoB,'+R,poM, ,

where E is the Hall electrical field, j is the current, B,'
is the internal magnetic induction, M, is the magnetiza-
tion, and po is the vacuum permeability. The first term
is the normal Hall effect, the coefficient Ro is given ap-
proximately by Ro= —1/ne (electron conduction) or
Ra=+1/pe (hole conduction). The second term in Eq.
(1) represents the anomalous Hall eff'ect caused by asym-
metric scattering of the charge carriers (skew scattering
and side jump contributions).
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FIG. 6. Magnetoresistance of a single crystal Mn, 96Crp p4Sb

at various temperatures. The electrical current was perpendicu-
lar to the c axis, the magnetic field was parallel to the c axis.

20

~~ 10

0
V

~ -10
0
U

-20

-30

e%4~ — - - — —— ——— ~ ~ ~ ~ o ~ g gL lg a g~ e ~ I
JP

e
Jgyga&

v-..r
I ~ ~

v. 3 - w a'

&--v-~& r"
rr

P

'g ~ (

I

100
I

200
Temper ature ( K )

I

300 900

FIG. 7. Seebeck effect of polycrystalline Mn, Cr Sb for (1)
x =0, (2) x =0.05, and (3) x =0.19.

The Hall effect measurements were carried out in a
helium-cooled cryostat, using a five-point method. Mag-
netic fields up to 3 T were available using a superconduct-
ing magnet. A 83-Hz ac current was applied to the sam-
ple, and the Hall effect was measured with a PAR lock-in
amplifier. The normal and anomalous Hall coefficients
Ro and R, were calculated from the Hall resistivity and
magnetic measurements using the method described by
()tt 27, 28

Typical Hall resistivity data for an applied magnetic
field parallel to the c axis is shown in Figs. 8 and 9 for
single crystals Mn2Sb and Mn, 96Cro o4Sb. The observed
Hall resistivity p„at 4 K is small and negative and is a
linear function of the applied magnetic field. The non-
linear dependence of p on 8, at higher temperatures is
caused by the positive contribution of the anomalous
Hall effect. In the curves for Mn2Sb at 222 and 249 K,
the change of the easy axis of magnetization from perpen-
dicular to parallel to the c axis is easily observed. The
Hall resistivity of Mn2Sb begins to decrease above about
200 K, and it becomes negative above about 300 K.

The values of the Hall coefficients Ro and R, as a func-
tion of temperature calculated from these data are shown
in Fig. 10. The results for Ro are not very accurate be-
cause of the dominating contribution of the anomalous
Hall effect. The normal Hall coefficient Ro changes from
negative values at low temperatures (electron conduction)
to positive values at high temperatures (hole conduction).

It is interesting to note that, although the anomalous
Hall effect is very different in the antiferromagnetic and
the ferrimagnetic states, the coefficient R, is approxi-
mately the same in the two phases. Thus, the change of
R,M, is caused by the change of M, at the transition.

The value of R, at T =0 is small. For perfect crystals
we expect R, =0 at T =0 since R, is caused by scattering
of the charge carriers. We conclude that the contribution
to R, of skew scattering at the chromium atoms is small.

We have also measured the Hall resistivity of polycrys-
talline samples of Mn2Sb and Mn& 95Croo5Sb as a func-
tion of temperature and magnetic field. The results are
quite complicated and difficult to interpret; details are
given by Wijngaard.
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III. ELECTRONIC STRUCTURE

A. Preliminaries

Ab initio spin-polarized band-structure calculations
were perform. ed using the self-consistent augmented-
spherical-wave (ASW) method of Williams, Kiibler, and
Gelatt. The local-density approximation was used as
given by von Barth and Hedin. ' Scalar relativistic
effects were used as described by Methfessel and
Kiibler. The spin-orbit coupling was not included in
the calculations. For Mn 3d electrons, the spin-orbit in-
teraction is small. For Sb 5p electrons, the spin-orbit in-
teraction is large. However, the influence of spin-orbit
interactions on the band structure is not expected to be
large (expect perhaps at a few high-symmetry points in
the Brillouin zone) because of quenching of the orbital
angular momentum and the large exchange splitting.

B. Band structure of Mn2Sb

The band structure of Mn2Sb was calculated using the
unit-cell parameters a =4.051 A and c =6.537 A given

by Darnell et al. ' for T=200 K. The Brillouin zone of
Mn2Sb is shown in Fig. 11. For Wigner-Seitz radii, we
chose the values 1.429 A for the Mn(1) and Mn(2) atoms,
and 1.772 A for Sb. In order to avoid a large overlap of
adjacent spheres, empty spheres with radius 1.120 A were
included at positions (0,0,c/2) and ( —,', —,', c l2). The basis
functions were 3d, 4s, and 4p orbitals for Mn and Ss, 5p,
and 5d orbitals for Sb. The 4f orbitals were included for
Mn and Sb in the internal summation of the three center
contributions to the matrix elements, which can be re-
garded as treating these as a perturbation.

The band structure of ferrimagnetic Mn2Sb is shown in
Fig. 12 for spin-up and spin-down electrons. The elec-
tronic structure is quite complex but clearly shows that
Mn2Sb is metallic and magnetic. The total density of
states (DOS) and the contribution of the constituent
atoms to the DOS are given in Fig. 13.

The feature at about 10 eV below the Fermi energy is
due to a band consisting almost entirely of Sb 5s states.
The Sb Sp band is very broad (it extends from —6 to +6
eV) and hybridizes strongly with Mn 3d states. The peak
between —6 and —5 eV consists of Sb 5p states strongly
mixed with Mn 4s states.
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The Mn 3d bands are very different for the two spin
directions, and the calculations clearly show the ferri-
magnetic character of Mn2Sb, with antiparallel magnetic
moments on Mn(1) and Mn(2) atoms (Fig. 13). By com-
paring the partial DOS for spin-up and spin-down 3d
electrons, we deduce values for the intra-atomic exchange
splitting b,E, of approximately 2.3 eV for Mn(1) and 3.6
eV for Mn(2). The numbers of spin-up and spin-down 3d
electrons on Mn(1) are 1.70 and 4.01, respectively, lead-
ing to a magnetic moment of the 3d electrons of
pd= —2.31pz. There is also a small magnetic moment
of —0.02p~ for the 4s and —0.02pz for the 4p electrons,
so that the total moment on Mn(1) is —2.35ps. The elec-
tronic configuration of Mn(1) is 3d ' '4s '4p, the net
charge (in the Wigner-Seitz sphere) is +0.09.

For Mn(2) atoms there are 4.47 and 0.89 spin-up and

5
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FIG. 12. Band structure of ferrimagnetic Mn2Sb for spin-up
electrons {upper part) and spin-down electrons (lower part).
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spin-down electrons, respectively, leading to a magnetic
moment of the 3d electrons of pd = +3.58p~. The 4s
and 4p electrons on Mn(2) give moments of +0.07ps and
+0.05pz, respectively, so that the total magnetic mo-
ment on Mn(2) is +3.71ps. The electronic configuration
of Mn(2) is 3d ' 4s 4p ', the net charge (in the
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Wigner-Seitz Sphere) is +0.67. We remark that the
value of the net charge depends strongly on the value of
the Wigner-Seitz radius chosen, which is rather arbitrary.
However, the calculated values indicate a more positive
charge on Mn(2) atoms.

The calculated values of the 3d magnetic moments of
—2.31@~ on Mn(1) and +3.58ps on Mn(2) should be
compared with the values —2. 1p& and +3.9pz, or
—1.77pz and +3.55juz (Ref. 4) for Mn(l) and Mn(2), re-

spectively, obtained from neutron diffraction.
The magnetic moment on Sb is +0.04'~. The calcu-

lated value of the total magnetic moment is 1.4pz per
formula unit MnzSb, in reasonable agreement with the
observed value of 1.8p~. '

We also calculated the band structure for a ferromag-
netic spin alignment of Mn2Sb. This calculation was
started with a parallel alignment of the magnetic mo-
ments on Mn(1) and Mn(2), and was found to converge
indeed to a (meta)stable ferromagnetic state. The fact
that the calculations for both the ferrimagnetic (FI) and
the ferromagnetic (F) states converge is an indication that
the two magnetic structures are separated by an apprecia-

ble energy barrier. Finally, we calculated the band struc-
ture of an antiferromagnetic (AF) structure of Mn2Sb, in
which there is an antiparallel ordering of the moments on
adjacent triple layers Mn(2)-Mn(1)-Mn(2) (see Fig. 1).
This calculation also converged readily. The resulting
DOS and partial DOS of the F and AF states of Mn2Sb
are represented in Figs. 14 and 15. In the AF structure
the unit cell contains two triple layers A and 8 with anti-
parallel magnetic moments. For symmetry reasons the
DOS for spin-up electrons in A is equal to the DOS for
spin-down electrons in 8. In Fig. 15 we represent as
DOS the sum of the DOS of spin-up electrons on A and
spin-down electrons on 8. Characteristic values for the
electronic configuration of the Mn(1) and Mn(2) atoms
are given in Table I.

By comparing these band structures (Figs. 13—15), we
notice significant differences in hybridization in the F, FI,
and AF states, which are important for explaining the
interatomic exchange interactions. For example, in the
FI structure there is a peak at —3.5 eV with hybridiza-
tion of Sb Sp and Mn(2) 3d states. The Mn(1) 3d elec-
trons are not involved in this peak because they have the

TABLE I. Number of Mn 3d electrons nd, magnetic moment on Mn pz, exchange splitting hE„, and
the ratio I=LE„/p for Mn in intermetallic compounds.

Mn2Sb (FI) Mn(1)
Mn(2)

5.71
5.36

2.31
3.58

hE (eV)

2.30
3.60

I=LE /p

1.00
1.00

Ref.

Mn2Sb (F) Mn(1)
Mn(2)

5.74
5.42

2.04
3.46

2.00
3.30

0.98
0.96

Mn2Sb (AF) Mn(1)
Mn(2)

5.72
5.37

2.28
3.51

2.10
3.40

0.92
0.97

MnSb (F)

MnSb (AF)

Mn

Mn

5.50

5.49

3.24

3.16

3.50

3.00

1.08

0.95

34

34
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opposite spin direction. However, the situation is
different for the F structure; now the magnetic moments
of Mn(1) and Mn(2) 31 electrons are parallel, and we see
indeed that in the —3.5-eV peak for the F structure both
Sb 5p, Mn(1) 3d, and Mn(2) 3d orbitals participate.

Generally the DOS curves and hybridizations are very
similar for the AF and FI structures, and differ from the
F structure. A different feature in the band structure of
the AF state is a sharp peak in the DOS at the Fermi en-

ergy (Fig. 15) due to a band with very little dispersion.
The ferrimagnetic to antiferromagnetic phase transi-

tion in Mn2 „Cr Sb is accompanied by a change of the
lattice parameters, and the phase transition occurs at the
same critical value of the c axis co=6.53 A for all

chromium concentrations. In order to find out whether a
small change of the lattice parameters leads to a
significant change of the band structure, we also carried
out a band-structure calculation of MnzSb for the param-
eters a =4.082 A, c =6.513 A (these values are typical
for antiferromagnetic Mn, 9Cro, Sb). However, we found
that the differences with the band structure of Mn2Sb for

0 0
a =4.08 A, c =6.56 A are quite small (differences in nd

and iud values smaller than 0.05).

C. Magnetic interactions in Mn2Sb

In Table I we compare data for intermetallic com-
pounds containing Mn and Sb. We find that the number
of Mn 3d electrons is nearly the same for all compounds
but that the magnetic moments of the Mn atoms vary
strongly. We observe that there is a simple relation be-
tween the exchange splitting AE„and the magnetic mo-
ment pd of the d electrons on Mn; in fact, the ratio
I =LE„/pd is nearly the same for all compounds, and
does not depend on the type of magnetic order in MnSb
and Mn2Sb.

The intra-atomic exchange interaction between Mn 3d
electrons can be expressed in terms of the average in-
teraction between parallel spins J =

—,', (F' '+F' ') (F' '

and F' ' are Slater parameters). With the values
F' '=8.72 eV and F' '=5.20 eV, one obtains J=0.99
eV. The semiempirical relation J =0.59+0.075(Z —21)
(Ref. 36) gives for Mn (Z =25) a value J =0.89 eV. If
intra-atomic exchange interactions are the origin of the
exchange splitting between spin-up and spin-down bands,
one expects I =AE„/pd to be equal to J. The fact that
the values of I obtained from band-structure calculations
are very close to the atomic parameter J proves that the
exchange splitting between Mn 3d bands is mainly an
intra-atomic effect.

A comparison of the DOS of FI and F MnzSb gives in-
formation about the inter-atomic exchange interactions
between the Mn atoms. Hybridization between orbitals
of different atoms leads to a direct exchange interaction.
Generally hybridization also leads to a broadening of the
energy bands. In FI MnzSb the moments on Mn(1) and
Mn(2) are antiparallel. A consequence is that hybridiza-
tion between Mn(1) and Mn(2) 3d electrons in FI MnzSb
(and also in AF Mn2Sb) is not as strong as in F MnzSb.
The reason is that there are not many states of the same

D. Interpretation of transport properties in terms
of the band structure

In this section we try to understand the change of the
transport properties at the phase transition in

Mn2 Cr Sb by comparing the Fermi surfaces of the fer-
rimagnetic and antiferromagnetic states of MnzSb. The

s pl n up spin down

(a) Ferromagnetic state

spin up spin down

I
I
I

I
I
I
I

'L

I
I
t
I
I
I
I
I
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1I
1 I
'I

I l
1 l
1 t
I
I t

(b} Antiferromagnetic state

FIG. 16. Covalent inter-atomic interactions between two
atoms A and B for the (a) ferromagnetic and (b) the antiferro-
magnetic state.

spin direction and at the same energy of the neighboring
atom to hybridize with in the FI and AF cases as there
are for the F structure. We find, indeed, in the DOS of F
Mn2Sb that the occupied Mn(2) 3d states form a broader
band than in the FI state, as a result of strong hybridiza-
tion between Mn(2) d t and Mn(1) d t states. A hybridiza-
tion of this type is not possible in F MnzSb. The unoccu-
pied Mn(2) d~ states for F are broader than for FI be-
cause of hybridization of Mn(2) d with Mn(1) d . The
same trends are seen when comparing F and AF. These
considerations show that Mn(1) and Mn(2) d states hybri-
dize mainly within one triple layer Mn(2)-Mn(1)-Mn(2).
The hybridization is hardly influenced by the relative
orientation of the magnetic moments of adjacent triple
layers (i.e., the change from FI to AF MnzSb).

In Mn2Sb the Mn 3d states are close to being half-
filled. For a half-filled d band the tendency for magnetic
moment formation is a maximum because the gain of
intra-atomic exchange energy is a maximum for this case.
Hybridization of half-filled bands favors antiparallel mo-
ment alignment, as illustrated in Fig. 16. Hybridi-
zation of two half-filled d bands leads to lower energy in
the AF case but not in the F case.

From the similarity of the DOS of Mn(2) in the FI and
AF states, it is concluded that the direct Mn(2)-Mn(2) ex-
change between adjacent triple layers is weak. However,
we expect also an indirect exchange coupling via the
partly filled Sb 5p states between adjacent triple layers.
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FIG. 17. Intersections of the Fermi surface with the boundary planes of an irreducible part of the Brillouin zone. The numbers of
the orbits correspond to the energy order of the bands; electron and hole orbits are indicated by e and h, respectively. (a) Ferrimag-
netic Mn2Sb; solid lines for spin-up and dotted lines for spin-down electrons (upper part). (b) Antiferromagnetic Mn2Sb (lower part).

TABLE IE. Number of d electrons nz and magnetic moment pd on sites 1 and 2, and the total mo-
ment pz (total), for a virtual crystal Mnl 9Cro ISb, in which Cr is substituted on site 1 or 2. The data are
compared with values for FI Mn&Sb.

Mn& 9Cro ISb

site 1 nd

Pd

Mn2Sb

5.71
2.31

Cr on site 1

5.63
2.23

Cr on site 2

5.72
2.38

site 2 nd

Pd

5.36
3.58

5.36
3.62

5.26
3.64

pd (tot) 1.27 1.39 1.26
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intersections of the Fermi surface with the boundary

planes of an irreducible part of the Brillouin zone are

shown in Fig. 17. A given band can intersect the Fermi

level at different places in the Brillouin zone leading to
several orbits (open or closed) for the same band index n.

Most of the orbits are hole type. However, there are two

large electron orbits (3e and 4e) around the line AM in

the FI and AF phases. In FI Mn2Sb these electron orbits

are present only for spin-up electrons. In AF Mn2Sb the

(3e, 4e) orbits are present for the two spin directions. The

Hall effect and the Seebeck effect of FI Mn2Sb have a

different sign, which indicates the contribution of elec-

trons and holes to the transport properties. This is con-

sistent with the calculated band structure which shows

indeed electrori and hole sheets at the Fermi level.

The electrons in orbitals (3e, 4e) in AF MnzSb have a

large effective mass (they correspond to the narrow band

with little dispersion at the Fermi level, mentioned al-

ready in Sec. III B) and will give a large negative contri-

bution to the Seebeck effect. Assuming that the electron-

ic structure of Mn2, Cr, Sb is nearly the same as that of
Mn2Sb, this explains the large negative Seebeck effect of
AF Mnz „Cr„Sb (Fig. 7). The dispersion of the energy

bands at the Fermi energy is generally larger for the FI
than for the AF phase. Thus, the effective mass of the

charge carriers will be larger in the AF phase, and this

explains the smaller electrical conductivity in the AF
phase (Fig. 5}.

E. Virtual crystal band-structure calculations

of Mn& 9Cro ~Sb

In order to investigate the inhuence on the band struc-
ture of the reduced electron concentration in
Mn2 Cr, Sb due to the Cr substitution, we performed
so-called virtual crystal calculations, in which a virtual
atom with atomic number 25-x is placed on site Mn(1) or
Mn(2). The results of the calculations are given in Table
II.

Magnetic measurements indicate that the magnetiza-
tion of Mn2 „Cr„Sb is (slightly) smaller than that of
Mn2Sb. ' This could be the result of an increased mo-
ment on site 1 or a decreased moment on site 2, as com-
pared with Mn2Sb. The calculated magnetic moments
show that only a substitution of Cr on site 2 is consistent
with the experimental data. Neutron-diffraction data
appear to indicate that Cr occupies type-1 sites. Howev-
er, more accurate data are needed to obtain conclusive
evidence.

IV. CONCLUDING REMARKS

It has been possible to carry out band-structure calcu-
lations for different ordered magnetic structures (FI, F,
and AF) of Mn2Sb. The lowest total energy was obtained
for FI Mn2Sb in agreement with experimental observa-

tion. The energy differences between the magnetic struc-
tures are not sufficiently reliable for calculations of the

strength of magnetic exchange interactions. It was found
that the local charge on the atoms is hardly inAuenced by
the magnetic order: the number nd of 3d electrons on the
Mn atoms is nearly the same for the FI, F, and AF struc-
tures. However, the type of magnetic order leads to ap-
preciable variations, of the order of (0.1 —0.3)ps, of the
local magnetic moments on Mn.

The band structures of the FI, AF, and F states of
Mn2Sb show characteristic differences in bandwidth and
hybridization, in particular for the 3d bands of Mn(1) and
Mn(2) atoms. The hybridization (covalent mixing) be-
tween 3d orbitals of Mn(1) and Mn(2) atoms is responsi-
ble for the strong, direct antiferromagnetic exchange
within the Mn(2)-Mn(1)-Mn(2) triple layers. The orienta-
tion of the magnetic moments of two adjacent triple lay-
ers (AF or FI structures) is determined by a small direct
exchange and an indirect exchange via Sb 5p states.
These exchange contributions are fairly weak, and the
phase transition AF~FI in chromium-doped crystals
shows that the strength of this exchange depends strongly
on the lattice constant, and changes sign at a critical
value co. The indirect exchange will have a ferromagnet-
ic contribution involving the partly occupied Sb Sp band.
An interaction of this type is responsible for the strong
ferromagnetism in the Heusler alloys NiMnSb,
PtMnSb, and in MnSb.

In addition to the ferromagnetic contribution which is
present only for a partly occupied Sb Sp band, there will
also be an antiferromagnetic superexchange-type interac-
tion between two Mn(2) atoms via Sb 5p. Strictly speak-
ing, the ferromagnetic and antiferrornagnetic contribu-
tions cannot be separated theoretically.

The phase transition AF~FI in Mnz „Cr,Sb strongly
influences the transport properties: the resistivity de-
creases, the Seebeck effect changes from negative to posi-
tive values. These observations are explained by the cal-
culated band structure of the FI and AF structures; they
are a consequence of a narrow electronlike band at the
Fermi energy in the AF state.

Finally, we mention a complication due to deviations
from the stoichiometric composition of MnzSb. It is
found that samples of Mn2Sb, grown from stoichiornetric
amounts of the elements, contain some MnSb as a second
phase. This is due to the fact that stoichiometric MnzSb
is stable only at high temperatures (900 K). Cooling
to lower temperatures leads to precipitation of some
MnSb, and a remaining Mn2Sb phase which contains
some excess Mn, probably present at the interstitial sites
between triple layers [positions (0,0, —,') and ( —,', —,', —,')].
The nonstoichiometry of the Mn2Sb phase can be
inAuenced by annealing and quenching procedures. The
presence of a small amount of interstitial Mn(i) will con-
tribute to a parallel alignment of the magnetic moments
of adjacent triple layers [the Mn(i)-Mn(2} interaction is
presumably antiferrornagnetic, like the interaction
Mn(1)-Mn(2); the Mn(i)-Mn(2) leads to an effective fer-
romagnetic coupling between magnetic moments of
Mn(2) of adjacent triple layers]. The presence of intersti-
tial Mn(i) will also influence the transport properties.
Further experimental work is necessary to determine the
occupancy of interstitial sites by Mn or Cr, as a result of
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nonstoichiometry, native atomic disorder, and Cr substi-
tution.
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