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Temperature and pressure dependence of the optical absorption in hexagonal MnTe

Ch. Ferrer-Roca,* A. Segura, C. Reig, and V. Mun˜oz
Institut de Ciéncia dels Materials, Departament de Fı´sica Aplicada, Universitat de Vale`ncia, Dr. Moliner 50,

46100 Burjassot, Valencia, Spain
~Received 28 December 1999!

The absorption edge of hexagonal~NiAs structure! antiferromagnetic MnTe has been measured by means of
light transmission experiments carried out at different temperatures in the range 16–420 K (P51 bar) and
hydrostatic pressures up to 9 GPa (T5295 K). An indirect band gap has been found, in agreement with
previous band-structure calculations, with an energy ofEig51.27260.013 eV at room temperature and pres-
sure. The temperature dependence of the absorption edge is linear above the Ne´el temperatureTN5310 K,
with a temperature coefficientdE/dT52(3.560.1)31024 eV/K. Below TN an additional blueshift is found,
with a maximum value of 0.1 eV at low temperatures. The temperature dependence of this anomalous shift is
proportional to the square of the magnetization, a result which is consistent with previous second-order
perturbation calculations. Regarding the measurements under pressure, a negative pressure coefficient with a
value of dE/dP52(5962 meV/GPa) has been found. The Ne´el temperature is known to increase with
pressure in hexagonal MnTe, due to an increment of the exchange interaction, or equivalently, of the sublattice
magnetization. Consequently a positive pressure shift could be expected at room temperature, derived from
both the antiferromagnetic splitting of Mn 3d orbital and second-order electron and hole interaction with fixed
Mn spins. The negative pressure coefficient has thus been interpreted as a sum of that positive contribution and
a larger negative one derived from an enhancedp-d repulsion which would lead to an upwards shift of the
valence-band maximum.
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I. INTRODUCTION

Compounds containing 3d transition metals have at
tracted considerable attention in the past decade due to
large variety of transport and magneto-optical properties t
display, owing to the presence of a significant magnetic m
ment, especially in the case of compounds which inclu
manganese, with a 3d5 configuration. Hexagonal~H! MnTe
is an antiferromagnetic~AF! compound with a stable bulk
NiAs structure, although it can also crystallize in a Na
phase atT.1040 °C or in a zinc-blende~ZB! phase if grown
by molecular-beam epitaxy.1 H-MnTe is a particularly inter-
esting example of a transition-metal compound as most
terials belonging to this group~MnSb, for example! are me-
tallic, whereas other manganese compounds, such as
chalcogenides MnS, MnSe, and MnO, with a stable Na
crystallographic structure, are insulators. Therefore, MnT
one of the few semiconductors known in this family, across-
roadsmaterial, as pointed out by Allenet al.2 The properties
of H-MnTe have been the subject of several works in
past, although not so many as those devoted to Mn-dilu
magnetic semiconductors~DMS!, with Cd12xMnxTe as a
typical example. The striking properties observed in th
DMS compounds derive from the presence of Mn, wh
gives rise tosp-Mn(3d) and Mn-Mn ~d-d! exchange inter-
actions through the hybridization between thesp band and
the Mn 3d states.3 Those interactions seem to play a fund
mental role also inH-MnTe,4 not just regarding the magneti
properties but also with relation to the semiconducting pr
erties mentioned above. Another characteristic of Mn-DM
is the evidence of localized Mnd→d* transitions which,
apparently, are not present in H-MnTe.2 One of the key
points to understand all these phenomena is the study o
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electronic structure, specially with the aid of optical me
surements at different temperatures and pressures. In the
lowing we will review some of the most relevant results
H-MnTe, including optical measurements and band-struct
calculations, so as to adequately place the aim and outco
of this work.

Susceptibility5 and transport measurements~resistivity,5–7

thermoelectric power5,7 and Hall voltage7! can be found in
the earlier works onH-MnTe. MnTe was found to bep-type,
with a resistivity value around 1V cm and a carrier concen
tration of 1018cm23, both at room temperature. Differen
Néel temperature values have been reported, such asTN
5307 K ~or TN5310 K! from the slope change in the resi
tivity vs temperature curve6 ~susceptibility vs temperature
curve!5 and TN5328 K from the maximum in the suscept
bility curve.5 The latter value is also consistent with th
reported by Banewiczet al.8 (TN5323 K). The discrepancy
between the different values is apparent since, as pointed
by Uchidaet al.,5 they stem from the different criteria~maxi-
mum or slope change! followed in each case. Both tempera
ture values have been recently confirmed from susceptib
measurements on the same MnTe samples studied in
paper.9 Resistivity measurements under pressure up to 1 G
carried out by Ozawaet al.6 have yielded an interesting re
sult, i.e., a positive pressure coefficient of the Ne´el tempera-
ture, with a value ofdTN /dP5126 °C/GPa. Accordingly,
an increment of the exchange interaction, or equivalently
the Mn magnetic moment, can be expected with pressur

The measurements carried out by Allenet al.2 and
Zanmarchi10 are practically the only available informatio
about optical properties ofH-MnTe. Allen et al. measured
the reflectivity up to 5 eV, and the transmission in the infr
red range. The calculated absorption coefficient spect
13 679 ©2000 The American Physical Society
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showed a steep edge at 1.3 eV, which was identified a
direct gap; however, significant absorption below such
ergy value might suggest the existence of an indirect gap
example11 from some existing reflectivity spectra b
Kendelewicz12 seems to be in general agreement w
Allen’s example. Zanmarchi’s absorption measureme
also at room temperature and pressure, yielded a band g
1.25 eV at 300 K, although any supplementary informat
can be hardly obtained due to normalization and offset pr
lems. Localized Mn 3d atomiclike transitions seem to b
absent in the previous absorption spectra but no defini
conclusions can be drawn just from the available data.

A few electronic structure calculations onH-MnTe have
been reported. Allenet al.gave the first qualitative model, in
which the valence bands are Te 5p1Mn 3d spin-up ~↑!
states~with the d↑ states embedded in thep states! and the
conduction band as Mn 3d↓1Mn 4s states. The direct op
tical gap of 1.3 eV determined by Allenet al.was introduced
as a parameter in two non-self-consistent band-structure
culations, carried out by Sandratskiiet al.13 and Podgo`rny
and Oleszkiewicz,11 respectively. Both calculations gave
similar qualitative picture of this material and confirmed t
validity of the Allen et al. model. According to them, the
valence-band maximum~VBM ! is located at theA point in
the first Brillouin zone and the conduction-band minimu
~CBM! in the vicinity of theL point. In both cases an indirec
band gap is obtained at theL point, with an energy of 0.8 eV
~Sandratskii!, 0.35 eV ~Podgòrny with warping correction!,
or 0.8 eV~without warping correction!. According to Sand-
ratskii et al., the valence band has a strong hybridizedp-d
character and the exchange interaction is approximate
eV. Instead, Podgo`rny and Oleszkiewicz give a strongers-d
hybridization in the conduction band, a deeper position
the Mn 3d spin-up band into the Te manifold, and a high
Mn energy splitting of 6 eV, due probably to the introductio
of a higher Mn magnetic moment~5mB instead of 4.7mB
adopted by Sandratskii!.

The first ab initio self-consistent total-energy and ban
structure calculation has been carried out by Wei a
Zunger.4 As it is depicted in Fig. 1, in accordance with th
previous calculations, an indirect band gap of20.19 eV is
found, being the VBM located at theA point and the CBM at
theL point. Instead, a direct band gap of 0.21 eV is found
theA point. The energy separation between the occupied

FIG. 1. Schematic band structure ofH-MnTe at some points of
interest from Ref. 4. At theA point there is a higher degree o
hybridization, thus the predominant orbital character is indicated
the first letter, and the secondary by a lower sized letter in brack
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3d states, located under thep states, and the unoccupied M
3d states at the bottom of the conduction band, is 4 eV. B
the Mn bands splitting as well as the band-gap values h
been obtained by introducing a magnetic moment of 4.07mB
in the calculation, but are slightly increased when a hig
Mn magnetic moment is adopted~indirect and direct gap
energies of 0.3 and 0.71 eV, respectively, form55.5mB!. At
the A point, thep states with 31 symmetry~32 symmetry!
are raised~lowered! by the conduction-band empty Mn 32

states and the valence-band occupied Mn 31 states~see Fig.
1!. This explains why the VBM occurs atA point and why
the direct band gap ofH-MnTe is smaller than that of MnTe
in zinc-blende structure.

The energy splitting of the Mn states found in the pre
ous calculation is relatively small~4 eV!, if compared to an
energy of 6.6 eV obtained by Satoet al.14 from density of
states~DOS! measurements by means of inverse photoem
sion spectroscopy~IPES!, and photoemission spectroscop
~PES!, spectroscopy. A linear extrapolation of the leadi
edge in these measurements yielded a separation of 0.
between the VBM and the CBM. Both experimental resu
indicate that, as expected from a local-density approxim
tion, the energy scale has probably been underestimate
the band-structure calculation.

To summarize, even if the different calculations of t
electronic structure are in agreement in general terms, t
arrive to different descriptions of the position of the M
bands and the magnitude of their splitting or to differe
character assignments to the electronic states and their
gree of hybridization. On the other hand, the optical m
surements onH-MnTe have been scarce, both qualitative
and quantitatively, consequently a comprehension of
electronic structure has not been attained from the exp
mental point of view.

The aim of this work is to provide additional informatio
in this sense. This paper reports on light transmission m
surements at different temperatures and pressures in th
cinity of the fundamental absorption edge. The temperat
and pressure coefficients ofH-MnTe will be calculated, and
the temperature and pressure dependence of the absor
spectra will be discussed in terms of the band-structure
culations and the second-order contributions, leading t
better understanding of the role of thed-d and p-d interac-
tions in H-MnTe.

II. EXPERIMENTAL SETUP

In this study we use unoriented samples from a Mn
ingot grown by the traveling heater method~THM!.15 In or-
der to avoid or reduce contamination effects, a lo
temperature synthesis process was used. Details on
crystal-growth procedure have been reported elsewhere.9

Optical-absorption measurements at ambient pressure
temperatures in the range 16–300 K were carried out in a
closed-cycle cryogenic system. In this case the Mn
samples were cut with a wire saw, mechanically polish
with diamond powder, and etched with a 3% solution
bromine in methanol. The sample surface was approxima
535 mm2 and the thickness ranged between 0.1 and 1 m
Optical-absorption measurements under pressure up to
GPa were performed in a membrane diamond anvil cell16,17
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~MDAC! at room temperature. In this case the Mn
samples were unpolished splinters with a surface of
3100mm2 and a thickness of 20mm, so as to fit in the
MDAC. They were placed together with ruby chips in a 20
mm-diam hole, drilled in a 60-mm-thick inconel gasket. A
4:1 methanol-ethanol mixture was used as pressure trans
ting medium to ensure hydrostatic conditions. The press
was measured from the shift of theR1 line of the ruby fluo-
rescence with respect to a neon lamp line (l5703 nm).

The optical source was a tungsten lamp chopped at
Hz. The light from the lamp was collimated and focused
the cryogenerator sample holder or the MDAC and the tra
mitted light was again collimated and focused on the
trance slit of a THR 1000 Jovin-Ivon monochromator. T
detector was a Si photodiode in the case of measuremen
variable temperature whereas for measurements under
sure a Ge and a InxGa12xAs photodiodes were also used
order to follow the redshift of the absorption edge. The d
tector signal was synchronously measured with a lock-in a
plifier with an output to the acquisition system. The transm
tance was measured using the sample-in sample-out me
which, in measurements under pressure, consisted of me
ing the intensity transmitted by the sample and normalizin
to the intensity transmitted by a clear area near to it. St
light was measured in the high absorption region of
sample, and the minimum transmitted intensity was s
tracted from every spectrum. Then a correction was mad
the experimental transmittance by adjusting it to the theo
ical value in the region were the sample is transparen
light. Finally, the absorption coefficient~a! was calculated
taking into account the corrected transmittance, the thickn
and the reflectivity of the sample.

The MnTe refractive index was determined from the
terference pattern at photon energies below the absorp
edge ~1.6–1.7 eV!. For that purpose the sample thickne
was measured with a micrometer.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The MnTe refractive index measured with the frin
method in the range 1.6–1.7mm has a value ofn52.46
60.02. This value is lower than that reported
Zanmarchi10 (n'53.2460.01) or the one which can be de
duced from Allen et al.’s reflectivity measurements2 ~n'

53.42, practically constant in the 1–10-mm interval!. And it
appears also low in comparison with the values reported2 for
MnSe (n52.82) or MnS (n52.6). Our result, being ob
tained on nonoriented samples is, however, not directly c
parable with the literature values ofn' , owing to the pos-
sible existence of an anisotropy in the refractive index.

The inset~a! in Fig. 2 depicts the MnTe absorption spe
trum, measured at 1 bar and 295 K for polished sample
different thicknesses~1 mm, 300mm, and 155mm! and also
with an unpolished thin sample~20 mm! inside the MDAC.
The spectra are coincident, with the exception of that
tained with the thinnest sample in the MDAC. A high degr
of scattered light affected the transmission measuremen
such unpolished splinter sample, leading to an apparent
sorption rise at the lower energies. If the diffusive part of t
spectrum, which follows a straight line, is subtracted,
resultant absorption spectrum agrees with the other spe
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within their absorption range. This agreement has allow
the composition of an absorption spectrum@inset~b!# in Fig.
2, in which the lower absorption values are those obtain
from the thicker samples data~1 mm and 155mm! and the
higher absorption ones, from the thinnest sample~20 mm!
data. The square root of such composed absorption spect
illustrated in the main figure, can be fitted with two straig
lines with different slopes, indicating that the measured
sorption spectrum is indirect@indirect band gap~ig!#. The
crossings of such linear fits with the energy axis give
phonon-absorption energyEig-ph5Eig2Eph ~which is derived
from the 155-mm sample data mainly! and the phonon-
emission energyEig1ph5Eig1Eph ~determined basically by
the 20-mm sample data!. An indirect band-gap energyEig
51.27260.013 eV, and a phonon energy of 34 meV is o
tained from the average of the previous energies.

This value is consistent with those reported
Zanmarchi10 ~1.25 eV! and Allen et al.2 ~1.3 eV!. It must,
however, be observed that these authors attributed a d
character to their absorption spectra. As described in the
troduction, Allen et al.’s result2 was introduced as a con
straint in two MnTe band-structure calculations11,13 which
yielded indirect band gaps of 0.8 and 0.35 eV, respectiv
Ab initio calculations by Wei and Zunger4 resulted in an
indirect and direct band gaps of20.19 and 0.21 eV, respec
tively, for a magnetic moment of 4.07mB . As mentioned
previously, both values, together with the exchange, incre
when a higher Mn magnetic moment is adopted in the c
culation~0.3 and 0.71 eV, respectively, form55.5mB!. Sato
et al.’s measurements14 yielded an exchange splitting of 6.
eV which is larger than the calculated one, consistently w
a larger indirect band gap of 0.9 eV, which is closer to o
gap energy determination. To summarize, according to
different band-structure calculationsH-MnTe is expected to
present an indirect band gap, and a direct transition a
slightly higher energy. Our measurement yields a band
of 1.27 eV whose indirect character is in agreement with
band-structure calculations. Consequently, a direct abs

FIG. 2. Inset ~a! shows the absorption spectra obtained
samples of different thicknesses~1 mm, 300mm, 155mm, and 20
mm!. The 20-mm sample spectrum is shown before and after
subtraction of the linear part at low absorption values to elimin
the effect of scattered light~dashed line!. Inset~b! shows the MnTe
absorption spectrum from the composition of the previous spec
Main figure: two linear fits can be carried out if the square root
the absorption spectrum is represented, indicating the indirect c
acter of the electronic transitions.
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tion edge should appear over and around 1.4 eV, our m
mum measured energy. The band-gap absolute values ca
be used for comparison due to the fact that a direct band
of 1.3 eV was introduced as a constraint in two ban
structure calculations, and the energies were underestim
in the calculation by Wei and Zunger. Localized Mn-Mn 3d
transitions are absent in our spectra, consistently with
predicted~4 eV! and measured~6.6 eV! energy between the
Mn bands.

Figure 3~a! depicts MnTe absorption spectra at differe
temperatures ranging from 300 to 16 K for a 300-mm
sample. The absorption edge shifts towards higher ener
for decreasing temperatures but at about 180 K an anoma
absorption feature appears and becomes more evident a
temperature is progressively lowered. Such absorption on
which starts at about 1.3 eV, shows a negligible shift w
temperature. The inset figure shows the spectrum obta
with a thicker sample~1 mm!, so as to evidence the low
absorption region in which two smoothly increasing abso
tion features are also appearing at 220 and 140 K.

As in Fig. 3~a!, Fig. 3~b! shows the absorption spectra
different temperatures for the 155-mm sample. A similar be-
havior is observed, even if the anomalous absorption sha
different and contributes in a larger proportion~up to 80–100
cm21! to the total absorption. This onset is not attributable
Mn ~d-d! transitions, in view of the energy separation b
tween occupied and unoccupied Mn 3d states.

A first hypothesis which seemed plausible was the pr
ence of an oxide layer on the sample surface. MnTe is kno
to be highly reactive and hence to oxidize very easily in a
Consequently, a thin layer of MnO or TeO might have a
peared on the samples surface, introducing an extra abs
tion. In order to verify such a hypothesis, we have carried
absorption measurements at 16 K on a sample which
chemically etched so as to eliminate any oxide layer, a
then heated in air at temperatures in the range 100–30
during different time intervals, in order to accelerate a p
sible oxidation process. A change of color~from metallic to

FIG. 3. Absorption spectra at different temperatures for
sample thickness of~a! d5300mm ~in the insetd51 mm in detail!
and ~b! 155 mm.
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blue! was observed on the sample surface, indicating
formation of a transparent oxide layer of an approxim
thickness of 0.1mm. The intensity transmitted by the samp
decreased slightly after the successive sample heating cy
and an absorption tail progressively appeared at energies
low the fundamental edge. But no changes were observe
the anomalous absorption spectrum which was present e
in the clean sample and did not increase with the oxidation
the surface. Nevertheless, even if the anomalous absorp
had been the contribution of a surface oxide, there wo
have not been any reason to expect a negligible shift.

Another possible explanation might lie in the presence
impurity levels in the band gap, moving with temperature
the same rate one of the bands does. It is known that
absorption spectrum from a band to an impurity deep le
follows a square-root law for allowed transitions and a 3
exponent law for forbidden transitions.18 The anomalous ab
sorption part of the spectrum in Fig. 3~a! can be fitted by a
combination of two or more forbidden transitions, as well
by the sum of forbidden and allowed transitions. In the ca
of Fig. 3~b!, the anomalous absorption part follows a 3
exponent law. The same could be said about the low abs
tion tails that appear in the 1-mm sample spectrum. As sta
in the Introduction, MnTe is known to bep type, due prob-
ably to an excess of tellurium content which leads to m
ganese vacancies that act as acceptors. The resistivity o
samples9 is of the same order of magnitude~1 V cm! which
can be found in the literature5,10,15 in p-type samples. In
those cases, an impurity concentration of about 1018cm23

was measured.10 As the native acceptors are expected to
Mn vacancies, whose ground and excited states are relat
Te dangling bonds, it seems reasonable to asign the ano
lous absorption to transitions between the valence band
excited states of the Mn vacancy. As both the initial and fi
states are related topz Te states, a negligible shift with tem
perature can be expected.

The presence of the anomalous absorption feature, wh
origin we have just discussed, hinders the calculation of
gap energy shift with temperature. Thus, we have fitted s
part at 16 K, and we have subtracted it to the absorpt
spectrum at all the temperatures, for both the 155- a
300-mm samples. Figure 4 depicts the resultant absorp
spectra for the 155-mm sample~solid lines!, which are prac-
tically coincident with the 300-mm sample spectra~dashed
lines! at the different temperatures. Such a coincidence
particularly relevant, as different fitting functions were co
sidered in each case. We have also included in this figure

a

FIG. 4. Absorption spectra at different temperatures after
correction for the anomalous nonshifting absorption feature for
155-mm sample~solid lines! and the 300-mm sample~dashed lines!.
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absorption spectra measured at temperatures up to 420
all cases the square root of the absorption coefficient
been plotted and fitted with a straight line whose interc
with the energy axis represents the phonon-absorption
tribution to the indirect transition,Eig-ph ~note that the low-
energy part of the absorption coefficient at 300 K com
from transmission measurements carried out with the th
est samples!.

DataA in Fig. 5 show the temperature dependence of t
indirect transition energyEig-ph for the 155 mm ~black
squares! together with some values obtained with t
300-mm sample~crossed squares! which, as we pointed out
are consistent with the previous ones. The error bar on
left indicates the maximum uncertainty in the slope calcu
tion from the linear least-squares fit. DataB represent the
photon energy for an absorption coefficienta5200 cm21

from noncorrected absorption spectra~white squares!, and
follows a similar temperature dependence.

The temperature variations of the semiconductor b
gaps are usually well described by a Varshni equation of
typeEg(T)5Eg(0)2aT2/(T1u), with a zero derivative for
T→0 K, and a constant value at high temperatures. A de
ture from the Varshni-like behavior is evident in this case,
which a slope change is clearly observed in both curve
310 K, which is the Ne´el temperature.

An effect of the antiferromagnetic transition on the optic
edge has been reported in other antiferromagn
compounds19 and in particular in chalcogenides20 such as
CoO, a-MnS ~in which an extra blueshift was found belo

FIG. 5. A: Temperature dependence of the gap energy~phonon-
absorption contribution! for the 155-mm sample~black squares! and
the 300-mm sample~crossed squares! after the correction for the
anomalous part.B: ~white squares!. Temperature dependence of th
energy for an absorption coefficienta5200 cm21. The solid lines
represent a Varshni function fit (u560 K) of the linear part forT
.TN . The difference between the experimental dataA ~or B! and
the Varshni-like function is represented by black~white! circles
~right-hand y axis!. The inset figure represents the normaliz
square root of those points together with the normalized subla
magnetization~solid line!.
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the Néel temperature! and MnO ~in which a redshift was
observed!. An extra shift to higher energies has been a
reported in Cd12xMnxTe and other DMS below the Ne´el
temperature3 and attributed to a change in the magnetic
dering.

The temperature dependence of the resistivity and of
absorption edge of different magnetic systems, and spe
cally of antiferromagnetic semiconductors, has been p
dicted by Alexanderet al.21 from calculations that deal with
the effect of the critical spin fluctuations on the conducti
band. Their predicted temperature dependence agrees
the observed blueshift in the mentioned antiferromagn
semiconductors. In the specific case of the antiferromagn
chalcogenides the magnetic transition was found to be
companied by a crystallographic transition and the abso
tion edge was attributed to electronic transitions from
magnetic ions to the conduction band. A model22 that in-
cluded the lattice distortion effect as well as the magne
ordering effect in the magnetic ions and carriers~the model
of Rys et al.!22 was able to explain the shift observed
those cases. Andoet al.23 have carried out a second-ord
perturbation calculation which includes the exchange in
action of electrons in the conduction band and different ty
of holes in the valence band with fixed Mn spins. Accordi
to their results, when the conduction-band shift is domina
a blueshift proportional to the square of the sublattice m
netization ~and consequently having the same temperat
dependence! is obtained. Instead, when the valence-ba
contribution is dominant, the situation is more complex
the second-order energy includes two terms, a positive a
negative one, which may lead to a redshift~negative result!
or blueshift~positive result!, depending on their relative val
ues. In the particular case in which the ordering effect
small ~this should be the case of Cd12xMnxTe and ZB-
MnTe! a blueshift which is also proportional to the square
the magnetization is obtained.

In our case, the temperature dependence of the energy
~dataA! is qualitatively in agreement with that of the prev
ously mentioned AF compounds and with the temperat
behavior predicted by Alexanderet al.21 At temperatures
over the Ne´el temperature it follows a straight line whic
corresponds to the linear part of a Varshni-like temperat
dependence, and the same can be said about dataB. At the
Néel temperature a slope change, attributable to a chang
the magnetic ordering, appears. We have fitted the point
T.TN with a Varshni functionE(T) ~solid lines in Fig. 5!,
by assuming a typical value foru560 K ~for CdTe u
565.4 K, for example!. The difference between the exper
mental points atT,TN and the fitted curveE(T) represents
the magnetic blueshiftDE(T)5Eexp(T)2E(T), where Eexp
are eitherA or B data~black or white circles, respectively!.
At 0 K the energy shift reaches its maximum valueDE(0)
'0.1 eV, which is of the same order of magnitude obtain
for ZB-MnTe.25 The dependence of the square root of t
blueshift normalized to its maximum value, i.e
@DE(T)/DE(0)#1/2, on the relative temperatureT/TN is
shown in the inset figure on the upper right for curvesA and
B in Fig. 5. The theoretical relative magnetization (M /Ms)
of a ferromagnetic material, from the well-known expressi
M /Ms5tanh(MTN /MsT) has been also plotted. The coinc
dence between the experimental and theoretical curves
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cates that the energy blueshift found inH-MnTe is attribut-
able to a change in the magnetic ordering as explained in
previous paragraph. The magnetic shift in dataA deviates
from the theoretical temperature dependence in the ra
140–200 K, due probably to an underestimation ofEig-ph
derived from the subtraction of the anomalous absorp
fitting curve in an energy range in which it is overestimate
The fact that the shift is positive leaves an uncertainty
which contribution is dominant as, according to the mode
Ando et al.,23 either the conduction band or the valence ba
~if the ordering effect is small! might be contributing.

To summarize, the temperature dependence of the
energy Eg-ph is a result of two contributions: a classic
Varshni function and a term proportional to the square of
magnetization, as follows:

Eg-ph5E01
aT2

T1u
1DE~0!S M

Ms
D 2

H~TN2T!, ~1!

where

E051.33660.004 eV,

a52~3.560.1!31024 eV/K,

DE~0!50.09860.001 eV,

andH(TN2T) is the Heaviside unit step function. Note th
u was arbitrarily chosen equal to 60 K, thus, errors are
indicative of the uncertainty at a fixedu value. Very similar
results are obtained ifu is varied within610 K.

Absorption spectra at different pressures carried out w
the sample in the MDAC are shown in Fig. 6, for a 20-mm
sample. Diffraction studies ofH-MnTe up to 6.7 GPa~Ref.
24! have not revealed any phase transition which, accord
to our measurements, does not take place even at 12.2
We were not able to measure the absorption spectrum at
pressure as it involved photon energies that were below
detector threshold. However, the spectrum at a lower p
sure such as 5 GPa was the same before and after app
12 GPa to the sample. The occurrence of a phase transiti
very unlikely, as it would normally result in a polycrystallin
sample and an increased light scattering that was not
served.

As explained in the experimental setup section, in this
of measurements the samples introduced in the MDAC w
unpolished splinters, with the consequence that a high le
of scattered light was present in the transmitted intensity

FIG. 6. Absorption spectra at different pressures (d520mm).
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has been corrected by the same fitting procedure explaine
a previous paragraph at the beginning of this section, allo
ing, at least, for a proper determination of the phono
emission part of the indirect absorption curve,Eig-ph. In-
stead, the phonon-absorption contribution cannot be obta
as it is affected by a large error. Figure 7 depicts the press
dependence ofEig-ph. A slightly sublinear dependence is ob
served, but deviations from linearity are small enough in t
range to justify a linear fit which yields the pressure coe
cient

dEig-ph

dP
52~5962! meV/GPa. ~2!

Typical pressure coefficients are, for example, the posi
values 80 meV/GPa in CdTe,25 46 meV/GPa in
Cd0.3Mn0.7Te,26 or 63.4 meV/GPa in Zn0.75Mn0.25Te ~Ref.
27! among others, whereas a negative pressure shift is
tained in this case.

There is some information related to this point which
worth taking into account. As reviewed in the Introduction
previous study on the effect of pressure on the Ne´el tempera-
ture of NiAs-MnTe by Ozawaet al.6 reported a linear pres
sure dependence, with a coefficient ofdTN /dP526 K/GPa.
This positive pressure shift can be attributed to an increm
of the exchange interaction or, equivalently, to an increm
of the sublattice magnetization with pressure which can p
duce two effects: first, a shift of the curve representing
temperature dependence of the gap energy~such as dataA in
Fig. 5! towards higher temperatures with increasing press
second, an increment of the second-order magnetic blues
as it is proportional to the square of the sublattice magn
zation. On the assumption that the Ne´el temperature is pro-
portional to the exchange interaction, and on the basis of
known experimental maximum blueshift at ambient press

FIG. 7. Pressure dependence of the gap energy~phonon-
emission contribution!: experimental points~crossed squares! and
linear fit ~solid line!. The observed dependence has been attribu
to two competing mechanisms: a blueshifting one derived from
increase of the exchange interaction with pressure~curve SOE! and
a redshifting one from an enhancement of thep-d repulsion~curve
P-D!.



o

nd
he
d
q

ob
V
p

th
ll

t u
T

e
an

t
-

ex
ns
d

t
sh
e
a

ai
ee

th
th

e

e

i-
e
-

th
u
n
rd

f
l
f

en-
ap
t

s-
ical
ifts.

tical

is-
–300
GPa
m

om

with
our
n.
near

at
fer-
een
uc-

ag-
e of
the
ith
by

rgy
ef-

the
to

rgy-
shift
ad

hen
t has
the
in-

nce-

ur

ent
-

R
J.

te

.

PRB 61 13 685TEMPERATURE AND PRESSURE DEPENDENCE OF THE . . .
DEmax(0)50.098 eV, it is possible to calculateDE(P)
5DE(0) @TN(P)/TN(0)#2. When pressure is applied t
MnTe at a fixed temperature~295 K! up to 8 GPa, for ex-
ample, the Ne´el temperature moves from 310 to 518 K a
the energy vs temperature curve with it. Additionally, t
magnitude of the energy shift increases. The result is
picted in the inset in Fig. 7, where points calculated from E
~1! have been plotted forP51025 GPa andP58 GPa. Thus,
an increment of 0.22 eV in the gap energy should be
served at 295 K~an average pressure coefficient of 28 me
GPa approximately!. On the contrary, we observe the ga
energy to redshift with pressure, which means that
mechanism which leads to the negative shift is actua
larger than the one which produces the positive shift. Le
interpret these phenomena in the framework of the Mn
band structure. A positive pressure shift of the Ne´el tempera-
ture indicates an increase of the exchange interaction du
the reduction of the interatomic spacings with pressure,
hence to an increment of the energy separation between
occupied and empty Mn (3d) levels. According to the band
structure calculation by Wei and Zunger,4 the introduction of
a higher Mn magnetic moment increases not only the
change splitting but also the band-gap separation. Co
quently, a first-order positive-energy shift should be adde
the previous second-order energy blueshift, dependent on
square of the magnetization. Thus, the expected blue
should be even larger. However, we have not been abl
estimate that first-order contribution, as no experimental v
ues of the Mn splitting as a function of pressure are av
able. The second-order blueshift value at 295 K has b
calculated at all pressures from Eq.~1! and is plotted in Fig.
7, with the label SOE~second-order energy!.

On the other hand, according to the band structure
indirect absorption edge is related to transitions between
VBM located at theA point and with ap character, and the
CBM, located at theL point and with ad character. As ex-
plained in the Introduction, according to the model by W
and Zunger, the low-energy gap inH-MnTe, together with
the fact that the valence-band maximum is located at thA
point, has been attributed to ap-d repulsion which raisesp
states with 31 symmetry and lowers thep states with 32

symmetry ~Fig. 1!. A possible explanation for the exper
mental negative pressure shift might lie in an enhancem
of suchp-d repulsion with pressure, which would shift up
wards the valence-band maximum. CurveP-D in Fig. 7, ob-
tained from the difference between the experimental and
curve SOE, represents the energy redshift attributed to s
mechanism. To summarize, the increment of the excha
interaction with pressure would increase the second-o
energy at the rate indicated by curve SOE~28 meV/GPa
average!, but the enhancement of thep-d repulsion would
raise the top of the valence band at an average rate o
meV/GPa ~curve P-D!, yielding an overall experimenta
band-gap shift of259 meV/GPa. A theoretical calculation o

*Electronic address: Chantal.Ferrer@uv.es
1S. M. Durbin, J. Han, O. Sungki, M. Kobayashi, D. R. Menke,

L. Gunshor, Q. Fu, N. Pelekanos, A. V. Nurmikko, D. Li,
Gonsalves, and N. Otsuka, Appl. Phys. Lett.55, 2087~1989!.
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the bands contribution to the second-order perturbation
ergy should indicate which band is dominant in the band-g
blueshift below the Ne´el temperature. We must recall tha
the first-order energy shift~the band gap increases with pre
sure! has not been included, hence the previous theoret
pressure coefficients are underestimations of the real sh

IV. SUMMARY

The temperature and pressure dependence of the op
absorption of hexagonal~H! ~NiAs structure! antiferromag-
netic ~AF! MnTe has been determined by means of transm
sion measurements at ambient pressure in the range 16
K and at ambient temperature and pressures up to 9
(T5295 K). The square root of the absorption spectru
shows a linear dependence with two different slopes, fr
which an indirect gap of energyEig51.27260.013 eV has
been obtained. Such indirect character is in agreement
different band-structure calculations and, to the best of
knowledge, it constitutes its first experimental confirmatio
The temperature dependence of the absorption edge is li
above the Ne´el temperatureTN5310 K, with a temperature
coefficient dE/dT5(3.560.1)31024 eV/K. Below TN an
extra blueshift is found, with a maximum value of 0.1 eV
low temperatures. Such blueshift has been reported in dif
ent magnetic and semimagnetic compounds and it has b
attributed to the interaction between electrons in the cond
tion band~or holes in the valence band! and the magnetic
ions that are present, interaction which depends on the m
netic ordering. In this case, the temperature dependenc
such an anomalous shift is found to be proportional to
square of the magnetization, a result which is consistent w
the second-order perturbation calculations carried out
Ando et al.23 The pressure dependence of the gap ene
follows almost a straight line with a negative pressure co
ficient dE/dP52(5962 meV/GPa). The Ne´el temperature
is known to increase with pressure in AF-H-MnTe due to an
increment of the exchange interaction, or equivalently, of
sublattice magnetization. Such increment is expected
cause a shift towards higher temperatures of the gap ene
vs-temperature curves and also to increase the extra blue
attributed to the magnetic ordering. Both effects should le
to a blueshift of the second-order energy with pressure w
measured at a fixed temperature. The negative coefficien
thus been interpreted as the sum of two contributions,
previous positive one, related to the increased exchange
teraction, and a larger negative one derived from an enha
ment of thep-d repulsion at theA point, leading to an up-
wards shift of the valence-band maximum with pressure. O
results are thus consistent with theH-MnTe electronic struc-
ture calculations obtained by Wei and Zunger.4

ACKNOWLEDGMENTS

This work was supported by the Spanish governm
CICYT Project Nos. MAT95-0391 and MAT98-0975-C02
01.

.

2J. W. Allen, G. Lukowsky, and J. C. Mikkelsen, Jr., Solid Sta
Commun.24, 367 ~1977!.

3Diluted Magnetic Semiconductors, edited by J. K. Furdyna and J
Kossut, Semiconductors and Semimetals Vol. 25~Academic,



ys

ra

s

o,

ol

s.

S

ens.

ev.

rd.

D.

te

13 686 PRB 61CH. FERRER-ROCA, A. SEGURA, C. REIG, AND V. MUN˜OZ
San Diego, 1988!.
4S. H. Wei and A. Zunger, Phys. Rev. B35, 2340~1987!.
5E. Uchida, H. Kondoh, and N. Fukuoka, J. Phys. Soc. Jpn.11, 27

~1956!.
6K. Ozawa, S. Anzai, and Y. Hamaguchi, Phys. Lett.20, 132

~1966!.
7J. D. Wasscher and C. Haas, Phys. Lett.8, 302 ~1964!.
8J. J. Banewicz, R. F. Heidelberg, and A. H. Luxem, J. Ph

Chem.65, 615 ~1961!.
9C. Reig, V. Munoz, C. Go´mez, Ch. Ferrer-Roca, and A. Segu

~unpublished!.
10G. Zanmarchi, J. Phys. Chem. Solids28, 2123~1967!.
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