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Critical behavior in the Ising antiferromagnet MnTe2
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Symmetry considerations indicate that although Mn Te2 has cubic symmetry, the antiferromagnet-
ic transition in this compound is Ising-like. Critical properties of MnTe2 have been studied in the
reduced temperature range 5x 10 &
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by neutron scattering tech-

niques. It is found that the critical exponent P=0.431+0.009 is anomalously large, while the value

of v=0.635+0.014 is in reasonable agreement with the expected theoretical estimates. The ex-

ponents can be reconciled with the theoretical values by application of corrections to scaling. How-

ever, the size of some of the corrections and the increased uncertainties in the exponents produced

by the introduction of additional fitting parameters, make it difficult to be sure the analysis is justi-
fied.

I. INTRODUCTION

The Ising model with nearest-neighbor interactions de-
scribes the critical behavior of a large variety of physical
systems. These include liquid-gas critical points, '

phase transitions in binary fiuid mixtures, certain tran-
sitions in binary alloys ' and a variety of magnetic sys-
tems. ' Extensive experimental studies of the critical
behavior of many fiuids (either at the liquid-gas point or
in binary mixtures) have been carried out and detailed
comparisons with the theoretically expected behavior have
been made in the last two decades. It is now generally ac-
cepted that the critical behavior of these systems is well
described by the d =3 dimensional Ising model, and that,
for example, the critical exponent P is very close to the ex-
pected value P=0.325 of the Ising model. For reviews
on critical behavior of fluids see, e.g., Refs. 1—5. In mag-
netic systems, on the other hand, the situation is less clear.
First, the number of physical systems corresponding to
the Ising model is much smaller than in fluids. Moreover,
while many experiments in fluids were performed at re-

duced temperatures as small as
~
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=10, in magnetic systems, due to inhomogenieties

in crystals, it is usually difficult to get that close to T, .
Most experiments in magnetic systems were therefore per-
formed at reduced temperatures

~

t
~

) 10 —10, and
the exponents obtained are in some cases substantially dif-
ferent from the theoretical predictions. The critical ex-
ponent P of some Ising-like magnetic systems, together
with the reduced temperature range over which the exper-
iments were performed are given in Table I.

In this paper we report the results of a neutron diffrac-
tion study of the critical behavior of MnTez. This is a cu-
bic crystal which undergoes an antiferromagnetic transi-
tion at TN-86. 55 K. Usually one expects such transi-
tions in cubic crystals to be described by an n & 3 com-
ponent vector model. However, in the case of MnTe2 (as
in the case of DyA1G) the order parameter which de-
scribes the transition has a single component, and the
transition is expected to be Ising-like. It is thus of interest
to study the critical behavior of MnTe2 and compare it to
other Ising-like systems. In order to determine the dimen-

Compound

TABLE I. Critical exponent P of some Ising-like magnetic systems.

Range of t Reference

FeC12
MnF2
FeF2
DyAlG (powder)
DyAlG (single crystal)
MnC12-4H20
GdA103
Cr203
DyA103
GdVO4
DyPO4
HoPO4

0.29 +0.01
0.335+0.005
0.325+0.01
0.33 +0.01
0.26 +0.02
0.297+0.003
0.31 +0.01
0.35 +0.01
0.311+0.005
0.50 +0.05
0.314
0.315+0.01

10-4-10-'
5x10-'—2x 10-'

5 x 10-'—10-'
2x 10-'-10-'

5 x 10-4—2x 10-'

6 x 10-'—1x 10-'
3x10 s 3x10-2
5x10 —4x10
1x10 '—2x10 '
1x 10-4—3 x 10-'
7 x 10-'—7 x 10-'

8

3,9
3,10
11
12
13
14
15
16
17
18
19

33 6326 1986 The American Physical Society



33 CRITICAL BEHAVIOR IN THE ISING ANTIFERROMAGNET MnTe2 6327

cleaved crystal with dimensions 3)&3X0.5 mm, grown by
vapor transport using iodine as the carrier. The powdered
materials used for transport were synthesized from spec-
trographic grade elemental manganese and tellurium by
solid-state reaction in an evacuated sealed tube. The
transport was carried out in a tube 6 in. long and 1 in. in
diameter, fitted with a porous silica plug at its center.
The charge, consisting of an intimately ground mixture of
90% MnTe2 and 10% MnTe, was placed on one side of
the plug together with a 0.2 mm crystallite of iodine, and
the air rapidly evacuated. The tube was placed in a fur-
nace with the charged end maintained at 690'C and the
other at 660'C for a period of several days, in which time
suitable crystals were obtained.

III. DATA COLLECTION AND ANALYSIS

FIG. 1. One octant of the MnTeq unit cell. Arrows represent
spin components of manganese atoms. Te2 groups centered at
the unoccupied corners in the above diagram have been omitted.

sionality of the order parameter, we note that the
paramagnetic symmetry group of MnTez is Pa3. Each
unit cell contains four molecules and the positions of the
Mn ions are (1) (000), (2) ( —,

'
—,'0), (3) (0—,

'
—,
'

), and (4)
( —,'0 —,

'
), respectively. The site symmetry of these ions is 3.

The magnetic structure has been studied by
Mossbauer and neutron diffraction techniques. It has
be found that each of the four magnetic ions in the unit
cell points along a different body diagonal direction (see
Fig. 1). Let S;=(S~,S;„,S ), i =1, . . . , 4 be the spin
vector at site i In the an.tiferromagnetic phase one has
Si ——S(111), Sz ——S(111), S&

——S(111),and S4——S(111),
where S determines the magnitude of the magnetic mo-
ment. Note that the magnetic moment at each site points
along the threefold axis of that site and it is not free to
choose any of the other three-body diagonal axes at that
site. By applying the symmetry elements of the space
group Pa3, it is found that the magnetic structure is in-
variant under the group. The symmetry element which is
lost at the transition is time reversal. Thus, the order pa-
rameter associated with the transition has only one corn-
ponent P given by

0= Si +Siy+Si.+Sr —S2y —S2 —S~

+ST—S3,—S4„—S4y+S4, .

The transition is therefore expected to be Ising like.

II. EXPERIMENTAL METHOD AND SAMPLE
PREPARATION

Neutron scattering data were obtained with a two-
crystal spectrometer utilizing a germanium monochroma-
tor, 20-min in-pile collimation, and appropriate masks to
decrease background scattering. The sample was a

An approximate value of the Neel temperature, Tz,
was obtained by determining the temperature dependence
of the intensity of the diffuse scattering at a fixed angular
position displaced 0.35' from the magnetic Bragg (010)
peak position. The size of the displacement required to
avoid the Bragg peak was determined by measuring the
8rag g profile at low temperature where the diffuse
scattering is absent. The results, shown in Fig. 2, yield an
estimate for Tz of 86.55+0.05 K.

The angular dependence of the critical scattering was
obtained at a series of temperatures close to and above
Tz, and was corrected for small second-order nuclear
Bragg contributions by subtracting scans taken at tem-
peratures well above the transition. The inverse range pa-
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FIG. 2. Intensity of critical scattering at a fixed angular set-
ting of the crystal, displaced 0.35 degrees from the magnetic
Bragg (010) peak position. From the position of the maximum,
T~ is estimated to be 86.55+0.05 K.
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rameter, a, was obtained by least-squares analysis of the
angular variation of intensity, using as a fitting function,
a Lorentzian cross section convoluted with the instrumen-
tal resolution function.

Integrated intensities of the magnetic Bragg peak were

collected by rotating the crystal mith the counter held
fixed. The data were corrected for second-order scatter-

ing, as noted above. Close to Tz, critical scattering
corrections to the integrated intensities mere made by
determining a from the scattering in the wings and calcu-
lating the contribution at the center.

~ lOOOOI;

I— I

Cz.'
LIJ

IV. DETERMINATION OF P AND v O. I

TN- T(K}
I,O i 0.0

It is well known that if data are restricted to a small re-

gion close to Tz, the values of critical indices obtained
from power-law fits are strongly correlated with T~ itself.
While an independent value of TN can be obtained from
the temperature variation of the critical scattering, as in-
dicated above, the method generally lacks the sensitivity
required in the determination of exponents because data
must be collected relatively far from the magnetic
reciprocal-lattice point. However, the exponents v and P,
determined from power-law fits above and below T~,
respectively, change in opposite directions in response to a
change in TN, and fits to the individual power laws exhib-
it variances which, as a function of TN, are unsymmetri-
cal about their minima, but in opposite senses. Greater
sensitivity in determining T~ can therefore be achieved by
minimizing the combined error of the two fits.

As a measure of the agreement between calculated and
observed quantities we have used the weighted R factor
commonly employed in least-squares analysis:

0.08

0.07—

FIG. 4. Power-law fit of the temperature dependence of the
magnetic Bragg intensity.
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For a series of assumed values of TN, the combined R
value of the least-squares fits of power laws to the tem-
perature dependence of the inverse range parameter, ~,
and the order parameter, M, was determined. The value
of T~ corresponding to minimum R was then taken to be
the correct value. The dependence of R on T~ is shown
in Fig. 3, where it is seen that the minimum occurs at
T =86.547. This may be compared to the qualitative es-
timate of 86.55+0.05 obtained from the maximum in the
critical scattering at fixed angular setting. With the more
refined value of TN the critical exponents are found to be

P=0.431+0.009,

v=0.635+0.014 .

The least-squares fits to the data are shown in Figs. 4 and
5. Whereas v agrees very well with the theoretical esti-
mate of 0.634, the value of P is far from the expected
value of 0.325, and the scaling law (d —2+g)v=2P, with
g=0, is violated.
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FIG. 3. Dependence on T~ of the combined 8 factor for fits
to the temperature dependence of the order parameter and
inverse-range parameter. Solid and dashed lines refer to the un-
corrected and corrected power laws, respectively.
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FIG. 5. Power-law fit of the temperature dependence of the
inverse-range parameter a..
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V. POSSIBLE SOURCES OF ERROR IN P

In the treatment of the data, it is tacitly assumed that
the only process contributing to the increase in magnetic
Bragg intensity with decreasing temperature in the critical
region is the growth of the order parameter. One might
be led to question this assumption because of the unusual
magnetic structure of MnTe2. According to the model,
individual spins have components of equal magnitude
with respect to the three cubic axes, and are directed along
the four [111]axes. The x, y, and z components contri-
bute individually to the (110), (100), and (010) reflections,
respectively. The measurements reported above refer only
to the z component but should be adequate as long as the
original configuration is maintained. However, consider-
ing the errors assigned in the Mossbauer experiments, it is
conceivable that the high value of P could have been pro-
duced by a small rotation of the spins which would in-
crease the z component progressively as the temperature
was lowered. This, of course, would have decreased the x
and y components correspondingly and ~ould have result-
ed in an anomalously low value of P for these com-
ponents. Note that such a rotation involves an extra
phase transition at some temperature below T~. To test
this idea, the exponents were checked for the x and y
components, using the (110) and (100) reflections. The re-
sults were found to be essentially the same as for the more
carefully studied z component, and clearly eliminate this
possible explanation.

Some error in P can be expected to arise from extinc-
tion in highly perfect crystals. These errors are in general
quite small because extinction is itself a function of inten-
sity and vanishes as T~Tz. Furthermore, extinction, if
present, would decrease P and could not be invoked to ex-
plain the observed anomaly. Nevertheless, an investiga-
tion of extinction in the nuclear peaks demonstrated that
such effects, in the intensity range used for the determina-
tion of P, were quite negligible.

VI. CORRECTIONS TO SCALING

An attempt was made to reconcile the data with the
theoretical values for the exponents by applying correc-
tions to scaling. Fitting functions for the order parameter

and the inverse range parameter were taken to be

M =A (ET)~[1+C(dT) '],
s=B(ET)"[1+D(bT) '],

where b &, the correction-to-scaling exponent, is held fixed
at the value 0.5 given by mean field and renormalization-
group calculations.

The combined R value of the two fits exhibits a shallow
minimum as a function of T~ and is shown in Fig. 3.
The minimum is slightly displaced from that obtained
without corrections to scaling and has been taken to be
86.54 K. Corresponding to this value of Tz the parame-
ter values were found to be

P=0.353+0.042,

v=0.673+0.041,

with C =0.174 and D = —0.060. In the case of the order
parameter the range of 6T covered was 0.04 to 4.5 K, giv-
ing a correction at the highest b, T of 0.37. For ~, hT
varied from 0.06 to 9.46 K, giving a maximum correction
of —0.18.

Introduction of the correction terms increases the un-
certainty in P and v. The overall R value is improved
slightly, but probably not significantly. A significance
test of the weighted R-factor ratio i based on
R(uncorrected)/R(corrected) equal to 1.0199 and 1.0010
for v and P, respectively, indicate that the power laws
without correction to scaling cannot be rejected even at
the 50%%uo level of significance. Under the circumstances
one can say that the results are consistent with corrections
to scaling, but that the justification for these corrections
has not been clearly established.

ACKNOWLEDGMENT

This research was carried out at Brookhaven National
Laboratory under Contract No. DE-AC02-76CH00016
with the U.S. Department of Energy and supported by its
Division of Materials Science, Office of Basic Energy Sci-
ences. The work at the Weizmann Institute was support-
ed in part by a grant from the Israel Academy of Sciences
and Humanities, Basic Research Foundation.

'M. R. Moldover, J. V. Sengers, R. %'. Gammon, and R. J.
Hocken, Rev. Mod. Phys. 51, 79 (1979).

M. A. Anisimov, A. T. Berestov, V. P. Voronov, Yu. F. Ki-
yachenko, B. A. Koval'chuk, V. M. Malyshev, and V. A.
Smirnov, Zh. Eksp. Teor. Fiz. 76, 1661 (1979) [Sov. Phys. —
JETP 49, 844 (1979)].

P. Heller, Rep. Prog. Phys. 30, 731 (1967).
4A. Kumar, H. R. Krishnamurthy, and E. S. R. Gopa1, Phys.

Rep. 98, 57 (1983).
50. Beysens, A. Bourgon, and P. Calmettes, Phys. Rev. A 26,

3589 (1982).
6J. Als-Nielsen, in Phase Transitions and Critica/ Phenomena,

edited by C. Domb and M. S. Green (Academic, Ne~ York,

1976), Vol. 5a.
7J. L. Le Guillou and J. Zinn-Justin, Phys. Rev. B 21, 3976

(1980).
8%'. B.Yelon and R. J. Birgeneau, Phys. Rev. B 5, 2615 (1972).
9P. Heller, Phys. Rev. 146, 403 (1966).
~oG. K. Wertheim and D. N. E. Buchanan, Phys. Rev. 161, 478

(1967).
'J. M. Hastings, L. M. Corliss, and %. Kunnmann, Phys. Rev.
8 31, 2902 (1985).

' J. C. Norvell, %'. P. Wolf, L. M. Corliss, J. M. Hastings, and
R. Nathans, Phys. Rev. 186, 557 (1969); 186, 567 (1969).
J. J. M. Steijger, E. Frikkee, L. J. de Jongh, and %'. J.
Huiskamp, J. Magn. Magn. Mater. 31-34, 1091 (1983).



6330 HASTINGS, CORLISS, KUNNMANN, AND MUKAMEL 33

'4R. M. Hornreich, H. J. Scheel, and B. Sharon, Phys. Rev. B
16, 1112 (1977).

E. Fisher, G. Gorodetsky, and S. Shtrikman, J. Phys. (Paris)
Colloq. 32, C1-650 (1971).

I L. M. Holmes, L. G. van Uitert, and G. %. Hull, Solid State
Commun. 9, 1373 (1971).
G. Gorodetsky, R. M. Hornreich, and B. M. %anklyn, Phys.
Rev. B 8, 2263 {1973).
G. T. Rado, Solid State Commun. 8, 1349 (1970).

A. H. Cooke, S. Swithenby, and M. R. %'elis, Int. J. Magn. 4,
309 (1973).

~oJ. M. Hastings, N. Elliot, and L. M. Corliss, Phys. Rev. 115,
13 (1959).

M. Pasternak and A. L. Spijkervet, Phys. Rev. 181, 574
(1969).
J. M. Hastings, L. M. Corliss, M. Blume, and M. Pasternak,
Phys. Rev. B 1, 3209 {1970).

3%'. C. Hamilton, Acta Crystallogr. 18, 502 (1965).


