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Noncollinear magnetic structure of MnTe2
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The crystallographic and magnetic properties of the MnTe2 compound have been investigated by125Te
Mössbauer spectroscopy and by neutron diffraction on both powder and single-crystal samples. FromTN down
to 4.2 K, the single-crystal experiment, performed in an external magnetic field up toH54 T, strongly
supports the conclusion that the magnetic structure is noncollinear with the magnetic moments of the four
manganese ions of the unit cell pointing along the body diagonals of the cube (mMni^111&) which correspond
to their local axes, as shown from Mo¨ssbauer spectroscopy.@S0163-1829~97!07145-2#
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I. INTRODUCTION

The MnTe2 semiconductor compound crystallizes wi
the pyrite-type structure~space groupPa3, a56.943 Å at
room temperature, Fig. 1!. The manganese atoms occupy t
(4a) site ~0,0,0!, while the tellurium ones are located in
(8c) position (xTe,xTe,xTe). Each cation Mn21 is sixfold
coordinated by distorted octahedra of Te atoms. The po
group symmetry of the manganese ions is 3/m and the local
axis of each of them is along a particular^111& direction of
the cubic lattice~Table I!. This compound undergoes
second-order antiferromagnetic transition atTN.86.5 K.
The nature of its magnetic structure has been subjec
controversy.1–3 A first neutron-diffraction investigation, per
formed on a polycrystalline sample,1 was interpreted in terms
of a well known type-I antiferromagnetic structure with

FIG. 1. Crystallographic structure.
560163-1829/97/56~21!/14013~6!/$10.00
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~1 2! sequence of ferromagnetic(001) planes, the mag-
netic moments being in the plane@Fig. 2~a! and Table I#.
This model turned out to be in contradiction with furth
Mössbauer experiments.2 A noncollinear magnetic structure
was then proposed.3 At temperatures immediately belowTN ,
the magnetic moments of the four manganese ions of the
cell point along different body diagonals of the cub
(mMni^111&) corresponding to their local axes@Fig. 2~c! and
Table I#. More recent Mo¨ssbauer results are consistent w
the occurrence of a spin reorientation below 60 K which w
ascribed to an increase of thexTe parameter as temperatur
decreases.4 The low-temperature data are best described
suming a noncollinear magnetic structure in which the Mn21

moments are along a diagonal of the(001) planes
(mMni^110&) @Fig. 2~b! and Table I#. Both models~a! and
~b! imply domains in the cubicPa3 space group, wherea
model ~c! is single domain. It should be noted that th
neutron-diffraction technique, neither on a powder samp
nor on a multidomain single crystal, is able to distingui

TABLE I. The different proposed magnetic models compatib
with powder neutron diffraction. Models~a! and ~b!, respectively,
give six and three domains deduced by rotation around the@111#
axis and the perpendicular mirror plane. Model~c! is invariant over
the symmetry operations of the space group and then no dom
exists.

Manganese Local axis Model~a! Model ~b! Model ~c!

position of symmetry moment moment momen

~0 0 0! @111# @m1m20# @mm0# @mmm#

~1/2, 1/2, 0! @1 1̄ 1̄ # @m1m20# @mm̄0# @mm̄m̄#

~0, 1/2, 1/2! @ 1̄1 1̄# @m1̄m2̄0# @m̄m0# @m̄mm̄#

~1/2, 0, 1/2! @ 1̄ 1̄1# @m1̄m2̄0# @m̄m̄0# @m̄m̄m#
14 013 © 1997 The American Physical Society
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14 014 56P. BURLETet al.
between these models. Such a differentiation requires a
straint to be applied while cooling the sample, such as
external magnetic field.

In the literature, one often encounters the terminolo
single-k, double-k, and triple-k for these three models. Thi
terminology is abusive in the case of MnTe2 from a formal
point of view, since it refers to a pseudo-face-centered-cu
lattice occupied by the manganese atoms and to a descri
of the structure in terms of a propagation vectork 5 (100).
This description is not true in the primitive cubic latticePa3
since, in this space group,(100) is areciprocal-lattice vector
and therefore does not lie in the first Brillouin zone. T
structure corresponding to the observed additional peaks
a propagation vectork50, and one actually has to take in
account a site with four Bravais sublattices.

In order to obtain more information on the magne
structure of MnTe2, and on the possible spin reorientation
60 K, we have performed a set of Mo¨ssbauer investigation
as well as neutron experiments on a powder sample and
single crystal in zero and under an applied magnetic fiel

II. SAMPLE PREPARATION AND EXPERIMENTAL
METHODS

MnTe2 was prepared from commercially available hig
purity elements: Mn ~powder, 99.9%!, and Te ~pieces,
99.999%!. A pellet of stoichiometric mixture was compacte
using a steel die and then introduced into silica tubes se
under argon~300 mm Hg!. Preliminary homogenization
treatment was conducted at 773 K. The sample was t
annealed for 2 weeks at 873 K. The single phase natur
the final product was checked by powder x-ray-diffracti
technique@curved position sensitive detector INEL CPS1
~Cu Ka)#. Single crystals of.1 mm3 size were obtained

FIG. 2. The different models of magnetic structures.
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with the ‘‘flux growth’’ method by slowly cooling (2° per
hour! a liquid of composition Mn15Te85 in the temperature
range 873–773 K.

The 125Te Mössbauer spectroscopy measurements~3/2 -
1/2, 35.6 keV transition! were performed using a sinusoid
drive motion of a Mg3

125mTeO6 source kept either at 4.2 K
or at room temperature. The MnTe2 absorber was maintaine
at different temperatures between 4.2 K and room temp
ture. An absorber thickness of about 50 mg of natural Te/
2 was used. The 35.6 keVg rays were detected with a
intrinsic Ge detector well suited to discern the intense Tea
~27.5 keV! and Kb ~31.0 keV! x rays from the Mo¨ssbauerg
rays. The velocity calibration of the spectrometer was p
formed using a57Co/Rh source and a metallic iron absorbe
The experimental data were directly analyzed by a lea
squares method to obtain the hyperfine parameters by
straining the relative energies and intensities of the Loren
ian lines to theoretical values. In the case of combin
quadrupole and magnetic interactions, the calculation of
spectral shape is performed by diagonalization of the
nuclear Hamiltonian. In that situation, the fitting routine pr
vides the value of the transferred hyperfine field (Hhf), the
isomer shift (d IS), the quadrupole coupling constan
(eQVzz, h), the relative orientation (u, w) of the fieldHhf
with respect to thez axis of the electric-field-gradient tenso
~efg!. This axis coincides with the local symmetry axis
each anion pair Te2

22 which is along one of the four-body
diagonal^111& directions.

The neutron experiments were carried out at the high fl
reactor of the Institut Laue-Langevin~Grenoble!. The pow-
der experiment was performed on the 400 cells positi
sensitive detector diffractometer D1B in the temperat
range 45–150 K. The wavelengthl52.522 Å was used and
was provided by a focusing pyrolitic graphite monochr
mator. The sample was enclosed in a cylindrical vanadi
container 5 mm in diameter and 5 cm in height. The analy
of the powder patterns was performed by Rietveld pro
refinement using the softwareFULLPROF.5 The experiment on
the single-crystal specimen was conducted in two steps
the two-axis spectrometer D15, operating in the normal be
mode. The wavelengthl51.17 Å was provided by a fla
copper monochromator. In a first step, the crystal w
mounted in a cryomagnet with itsc axis roughly 10° from
the v axis of the spectrometer, this axis being the direct
of the applied field. The orientation matrix was determin
by centering a set of 15 reflections. Several peaks were
scanned while cooling down the sample~zero-field cooled!.
Then, the sample was heated up, and the same reflec
were measured under the same temperature conditions, b
an applied fieldH54 T ~field cooled!. This experiment was
carried out to determine whether domains exist in the crys
Then, in a second step, the crystal was mounted in a liq
helium cryostat. The orientation matrix was determined fro
the same reflection set as before. Bragg intensities were
collected at three different temperatures~4.2, .60, and
.80 K!, in order to refine the magnetic structure. In bo
cases, integrated intensities were measured by rotating
crystal with the detector held in a fixed position. The int
gration of the peaks was done during experimental runt
using theCOLL5N program.6 The refinements of the data wer
carried out using theMXD package.7 The scattering lengths
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56 14 015NONCOLLINEAR MAGNETIC STRUCTURE OF MnTe2
bMn and bTe were taken from Koesteret al.,8 and the mag-
netic form factor of Mn from Brown.9

III. 125Te MÖSSBAUER STUDY

A. Experimental results

The Mössbauer study had a double aim:~a! to check if the
discontinuous changes of the transferred hyperfine and q
rupole coupling constant at 60 K as reported by Kasaiet al.4

is not an artifact of their fitting procedure,~b! to confirm the
kind of magnetic ordering postulated by our single-crys
neutron experiments.

125Te Mössbauer spectra recorded in the paramagn
and magnetically ordered states are shown in Fig. 3.
Mössbauer data atT.TN are well represented by a quadr
pole doublet whose splitting1

2 eQVzz(11h2/3)1/257.9~1!
mm/s well agrees with published values.2,4 The linewidth
W55.9(2) mm/s at 95 K is close to the value expected fo
thin absorber (.5.6 mm/s!.10 The isomer shift at 95 K with
respect to the Mg3TeO6 source at room temperature
1.35~6! mm/s.

FIG. 3. 125Te Mössbauer spectra atT54.2, 77, and 95 K.
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The data recorded belowTN clearly show the presence o
a magnetic hyperfine structure. This behavior provides e
dence for the presence of a transferred hyperfine field at
tellurium nuclei due to the ordering of the Mn21 sublattice.
The 4.2 K spectrum can be analyzed satisfactorily on
basis of two quite different sets of hyperfine interaction p
rameters: ~a! Hhf597~2! kG, 1

2 eQVzz528.2(1) mm/s,
u516(2)°; ~b! Hhf5124(2) kG, 1

2 eQVzz526.6(1) mm/s,
u526(3)°. Thelatter set is similar to that reported by Kas
et al.,4 while the former is close to the results given by Pa
ternak and Spijhervet.2 In both sets the asymmetry paramet
(h) was fixed to zero, in agreement with the129I Mössbauer
impurity measurements in MnTe2.11 The spectra recorded a
higher temperatures were thus analyzed assuming an ax
symmetric efg. Approximately above 60 K, only one set
parameters is able to reproduce the experimental data, e.
77 K, Hhf562~2! kG, 1

2 eQVzz528.0(1) mm/s,u519(2)°.
It turns out that it is possible to fit the data over the ent
magnetically ordered state with the assumption that the a
u betweenHhf and the efg principal axis is basically tem
perature independent (u.18°) and that the quadrupole spli
ting below and aboveTN is almost identical. In the absenc
of any structural phase transition at low temperature,
shown by previous x-ray-diffraction data,4 one does not ex-
pect, even for a minute change of thexTe parameter, a drastic
temperature dependence of the quadrupolar splitting whic
mainly due to the imbalance of the population in thep or-
bitals of the Te atom of the Te2

22 anion pair. Furthermore
the transferred hyperfine field and the Mn ordered mom
follow the same temperature dependence. It is concluded
there is no need to invoke a discontinuous change ofHhf and
eQVzz at 60 K resulting from a spin rearrangement. Th
conclusion is in full agreement with the57Fe: MnTe2 Möss-
bauer study of Saeed Khanet al.12

B. Transferred hyperfine field and magnetic structure

Each Te atom (5p5 electronic configuration! of the
dumbbell-shaped Te2

22 anion pair is surrounded by thre
nearest-neighbor Mn21 cations. The occurrence of cova
lency effects, i.e., electron transfer between the magn
Mn21 ions and the ligand is evidenced by the presence o
transferred hyperfine field at the Te site and by the obse
tion of a reduced quadrupolar splitting~.28 mm/s! com-
pared to the one estimated for a single hole in the 5p shell
~212 mm/s!.13 The hyperfine field transferred at the ligan
arises mainly from an isotropic contribution provided by t
finite spin density in the 5s valence orbital and from an
anisotropic term due to an unpaired spin density transfe
into the 5p valence orbital of Te.14 When, as in our case, th
magnetic ion is anS-state ion as for Mn21 (t2g

3 eg
2 configu-

ration!, it is expected that the anisotropic contribution shou
be small. Indeed, the spin density transferred from
3d(t2g)-p orbitals and 3d(eg)-s orbitals are of comparable
magnitude.15 Thus, one could consider, at least in a first a
proximation, that the transferred hyperfine field is basica
isotropic, i.e., that the direction ofHhf is collinear with the
weighted vectorial sum of the three nearest-neighbor m
netic moments of the Te atoms. The orientation (u) of Hhf
with respect to the principal axis of the efg thus provid
information on the actual magnetic structure of MnTe2. A
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14 016 56P. BURLETet al.
collinear type-I arrangement of the Mn moments will alwa
lead to two distinctu angles unless the easy direction
along a cube edge, thenu554.7°.3 The collinear structure
can safely be rejected because the experimentalu value is
about 18° over the entire ordered state. The noncollin
models~b! and ~c! lead both to a uniqueu angle, but with
quite different values, 35.3° and 0°, respectively. The
perimental value (.18°) clearly deviates from these ex
pected values. This indicates that although small, the an
tropic contribution toHhf cannot be neglected. The magne
structure of MnTe2 is noncollinear but no definite conclusio
can be drawn from Mo¨ssbauer spectroscopy about its ex
nature (mMni^110& or mMni^111&). The answer is provided
by the single-crystal neutron diffraction in an applied fie
presented in the next section.

IV. NEUTRON-DIFFRACTION STUDY

A. Powder sample

The purity of the powder sample was checked by a p
liminary pattern, recorded in the paramagnetic state,
T5150 K. This pattern was refined using the already kno
crystallographic structure of MnTe2. A very good agreemen
(Rp51.87%,Rwp52.72%! ~Ref. 16! was obtained using the
space groupPa3. The lattice constant was refined
a56.9245 ~5! Å, while the xTe positional parameter wa
found to be 0.3847~4!. The calculated line shape is Gaus
ian. Figure 4 shows the measured and calculated profile
tensities obtained at this temperature.

The sample was then cooled toT545 K and a long du-
ration pattern was recorded. This pattern~Fig. 4! is mainly
characterized by the apparition of two additional peaks
dexed as(100) and (110), and theincrease of severa
nuclear contributions. It closely resembles that of Ref. 1
was analyzed as previously carried out and a very g
agreement was obtained (Rp52.81%,Rwp53.62%!. The a
parameter was refined to 6.9116~5! Å, xTe to 0.3866~6!, and
the magnetic moment on each manganese atom was fou
be mMn54.17(4)mB .

Then several patterns were recorded with increasing t
perature up to 120 K. These patterns were also analyze
the Rietveld method. Figure 5 shows the variation of
magnetic moment and Fig. 6 the intensity ratio between
~100! and~110! magnetic Bragg peaks as a function of te
perature.

As previously observed,17 a strong diffuse scattering oc
curs around the~100! magnetic peak~Fig. 4!. It appears far
below the ordering temperature and persists over at m
higher temperature. It can be seen on Fig. 4 that it is
present atT5150 K. The width of this scattering is ver
large compared to Bragg reflections@.5° full width at half
maximum, compared to 0.35° for the~100! peak#. Moreover,
its position is slightly shifted away from the position of th
Bragg scattering (2u.21.3° vs 20.94!. This scattering has
been attributed to an incommensurate phase with short-ra
order.17 Our present results strongly support this conclusi

B. Single crystal

Figure 7 shows the temperature variation of the four
flections~1 0 0!, ~0 1 0!, ~0 0 1!, and~0 1 1! with and without
ar
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applied field. The intensities of these four reflections do n
depend on the applied field fromTN down to 4 K. One can
then conclude that either there is only one domain in t
crystal, or that there is no effect of the field on the doma
structure. The three intensities~1 0 0!, ~0 1 0!, ~0 0 1! being
equal, the second hypothesis would be that the three dom
are exactly of the same size, whatever the cooling conditio
and whatever the applied field. This second hypothesis
thus very unlikely, and both the collinear~model a! and the
noncollinear model withmMni^110& ~model b! can be rea-
sonably excluded, to keep model c wheremMni^111&. In this
model, the moments of the four manganese atoms of the
cell point along the different diagonals of the cube whic
correspond to their local axes, to result in equivalent inte
sities for the three reflections(100), (010), and (001).This
is the most natural arrangement of the magnetic moment
terms of symmetry, whereas in the two other models t
symmetry of the different sites should be broken. The ra
between the(100) and (110)magnetic Bragg peaks being
constant throughout the whole investigated range of tempe
ture ~Fig. 6!, any rotation of the magnetic moments is e
cluded, and one can conclude that the nature of the magn
structure stays the same at all temperature, as already
denced from Mo¨ssbauer spectroscopy and from the powd
neutron experiment.

FIG. 4. Observed and calculated powder neutron-diffraction p
terns atT545 K andT5150 K as well as differences. The ticks
indicate the positions of the reflections, for both the nuclear (N) and
the magnetic (M ) contributions. The weak peak marked with an
at 2u.72° is due to the vanadium sample holder.
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56 14 017NONCOLLINEAR MAGNETIC STRUCTURE OF MnTe2
The intensities collected in the second part of the sing
crystal experiment were then refined, considering this
pothesis~Table I!. The 190 independent reflections measur
at 4 K, the 97 reflections measured at 60 K, and the 1
reflections measured at 80 K were used to refine the m
netic moment amplitude, thexTe coordinate of the tellurium
atom, and a scale factor. A very good agreement value
obtained for the three data sets (Rw54.10, 3.98, and
3.92 %!.18 The refined parameters are given in Table II a
are reported in Fig. 5. The continuous variation of the ma
netic moment up toTN shows the second-order nature of th

FIG. 5. Variation of the magnetic moment as a function of t
temperature. The125Te hyperfine field measured at 4.2 K wa
scaled to the value obtained by neutron diffraction.

FIG. 6. Ratio of the intensities of the(100) and (110)reflec-
tions as a function of the temperature.
-
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d
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g-

as

-

phase transition in MnTe2. The values obtained from powde
neutron diffraction, single-crystal neutron diffraction, an
Mössbauer spectroscopy are in good accordance. We
reported in Fig. 5 the Brillouin curvesB5/2 andB1/2 expected
in a mean-field approximation. The experimental variation
the moment is sharper than the functionB5/2 expected, and
surprisingly resembles theB1/2 function. It is worth noting
that the saturated manganese moment in MnTe2 (4.28mB ,
Table II! is significantly smaller than the expected free i
Mn 21 value of 5mB . The Mn21 moment reduction ascribe
to covalency effects and zero-point spin deviation compa
well with that measured in MnTe~4.27mB). This reduction is
however larger than those observed in MnSe2 ~4.39mB),
a-MnS ~4.43mB), or MnO ~4.63mB).19,20 This trend is in
line with the expected increase in covalency from oxide
telluride. The xTe parameter, as derived from the singl
crystal experiment, is roughly constant in the whole range

FIG. 7. Temperature variation of the(100), (010), (001), and
(011) reflections in zero applied field~empty boxes! and in a field
H54 T ~full diamonds!.

TABLE II. Results of the single-crystal data refinements.

4 K 60 K 80 K

Moment (mB) 4.28~4! 3.46~9! 2.43~5!

xTe 0.3847~3! 0.3849~3! 0.3851~3!

Rw ~%! 4.10 3.98 3.92
x2 3.10 2.61 2.16
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14 018 56P. BURLETet al.
temperature~Table II!. No drastic change occurs from
structural point of view with the onset of the magnetic ord
ing.

V. CONCLUSION

Our neutron-diffraction experiments and125Te Mössbauer
study confirm that MnTe2 orders antiferromagnetically in
noncollinear spin configuration. Additional details on t
magnetic structure were provided by in-field single-crys
neutron experiments which strongly support the conclus
that the spins are parallel to the^111& axes of the threefold
rotation symmetry. In contrast to previous claims,2,4 this
ys

B

at

. J

rd
-

l
n

structure is stable down to 4.2 K. We find no indication
any spin rotation around 60 K and no anomaly of thexTe
positional parameter of the tellurium atom at th
temperature.4 According to recent work, the stabilization of
noncollinear spin structure as observed in MnTe2 can be as-
cribed to anisotropic nearest-neighbor spin-spin excha
such as the Dzyaloshinsky-Moriya interaction.21 We also
pointed out that our data cannot be interpreted in terms
purely ionic model. Covalency effects show up, not only
the observation of a spin density at the tellurium site, b
also by a significant reduction of the quadrupolar interact
~Te! and of the ordered moment as compared to the va
expected for free Te2

22 and Mn21 ions.
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