PHYSICAL REVIEW B VOLUME 61, NUMBER 20 15 MAY 2000-I1

Temperature and pressure dependence of the optical absorption in hexagonal MnTe
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The absorption edge of hexagoiiliAs structure antiferromagnetic MnTe has been measured by means of
light transmission experiments carried out at different temperatures in the range 16—428 Kb@ar) and
hydrostatic pressures up to 9 GPa=295K). An indirect band gap has been found, in agreement with
previous band-structure calculations, with an energfgf=1.272+0.013 eV at room temperature and pres-
sure. The temperature dependence of the absorption edge is linear aboveettienNeeraturel y=310K,
with a temperature coefficientE/d T= — (3.5+ 0.1)x 10" % eV/K. Below Ty 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/dP=—(59+2 meV/GPa) has been found. The élldemperature 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 Mrd3orbital 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 enhanpetirepulsion which would lead to an upwards shift of the
valence-band maximum.

[. INTRODUCTION electronic structure, specially with the aid of optical mea-
surements at different temperatures and pressures. In the fol-
Compounds containing d transition metals have at- lowing we will review some of the most relevant results on
tracted considerable attention in the past decade due to tit#MnTe, including optical measurements and band-structure
large variety of transport and magneto-optical properties thegalculations, so as to adequately place the aim and outcomes
display, owing to the presence of a significant magnetic moef this work.
ment, especially in the case of compounds which include Susceptibility and transport measuremefitssistivity >~
manganese, with ad® configuration. HexagondH) MnTe  thermoelectric powér and Hall voltagd) can be found in
is an antiferromagneti¢AF) compound with a stable bulk the earlier works otd-MnTe. MnTe was found to bp-type,
NiAs structure, although it can also crystallize in a NaClwith a resistivity value around @ cm and a carrier concen-
phase af >1040 °C or in a zinc-blend&B) phase if grown tration of 138cm 3, both at room temperature. Different
by molecular-beam epitaxyH-MnTe is a particularly inter- Neel temperature values have been reported, such,as
esting example of a transition-metal compound as most ma= 307 K (or Ty=310K) from the slope change in the resis-
terials belonging to this groufMnSb, for exampleare me-  tivity vs temperature cunfe(susceptibility vs temperature
tallic, whereas other manganese compounds, such as teerve® and Ty=328 K from the maximum in the suscepti-
chalcogenides MnS, MnSe, and MnO, with a stable NaCbility curve® The latter value is also consistent with that
crystallographic structure, are insulators. Therefore, MnTe iseported by Banewicet al® (Ty=323K). The discrepancy
one of the few semiconductors known in this familygrass-  between the different values is apparent since, as pointed out
roadsmaterial, as pointed out by Alleet al? The properties by Uchidaet al.’ they stem from the different criteriaaxi-
of H-MnTe have been the subject of several works in themum or slope changéollowed in each case. Both tempera-
past, although not so many as those devoted to Mn-dilutetlre values have been recently confirmed from susceptibility
magnetic semiconductord®MS), with Cd,_,Mn,Te as a measurements on the same MnTe samples studied in this
typical example. The striking properties observed in theseaper® Resistivity measurements under pressure up to 1 GPa
DMS compounds derive from the presence of Mn, whichcarried out by Ozawat al® have yielded an interesting re-
gives rise tosp-Mn(3d) and Mn-Mn (d-d) exchange inter- sult, i.e., a positive pressure coefficient of theeNempera-
actions through the hybridization between #gband and ture, with a value ofd Ty /dP=+ 26 °C/GPa. Accordingly,
the Mn 3d states’ Those interactions seem to play a funda-an increment of the exchange interaction, or equivalently, of
mental role also itH-MnTe,* not just regarding the magnetic the Mn magnetic moment, can be expected with pressure.
properties but also with relation to the semiconducting prop- The measurements carried out by Allest al? and
erties mentioned above. Another characteristic of Mn-DMSZanmarchi® are practically the only available information
is the evidence of localized Md—d* transitions which, about optical properties dfi-MnTe. Allen et al. measured
apparently, are not present in H-MnTeOne of the key the reflectivity up to 5 eV, and the transmission in the infra-
points to understand all these phenomena is the study of ited range. The calculated absorption coefficient spectrum
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i, 3d states, located under tipestates, and the unoccupied Mn
dl 3d states at the bottom of the conduction band, is 4 eV. Both

the Mn bands splitting as well as the band-gap values have
P been obtained by introducing a magnetic moment of 47

p-d interaction

in the calculation, but are slightly increased when a higher
Mn magnetic moment is adopteéhdirect and direct gap

= energies of 0.3 and 0.71 eV, respectively, for5.5ug). At

- 0y the A point, thep states with 3 symmetry(3~ symmetry
dt 1+E = are raisedlowered by the conduction-band empty Mn 3
3t f\ states and the valence-band occupied MnsBates(see Fig.

T A L 1). This explains why the VBM occurs & point and why

the direct band gap dfi-MnTe is smaller than that of MnTe
FIG. 1. Schematic band structure lgfMnTe at some points of in zinc-blende structure.
interest from Ref. 4. At theA point there is a higher degree of  The energy splitting of the Mn states found in the previ-
hybridization, thus the predominant orbital character is indicated byous calculation is relatively smalt eV), if compared to an
the first letter, and the secondary by a lower sized letter in bracketsnergy of 6.6 eV obtained by Sasd all* from density of
states(DOS) measurements by means of inverse photoemis-
showed a steep edge at 1.3 eV, which was identified as sion spectroscopylPES, and photoemission spectroscopy
direct gap; however, significant absorption below such en{PES, spectroscopy. A linear extrapolation of the leading
ergy value might suggest the existence of an indirect gap. Aedge in these measurements yielded a separation of 0.9 eV
examplé! from some existing reflectivity spectra by between the VBM and the CBM. Both experimental results
Kendelewic2’ seems to be in general agreement withindicate that, as expected from a local-density approxima-
Allen’s example. Zanmarchi's absorption measurementstion, the energy scale has probably been underestimated in
also at room temperature and pressure, yielded a band gap thfe band-structure calculation.
1.25 eV at 300 K, although any supplementary information To summarize, even if the different calculations of the
can be hardly obtained due to normalization and offset probelectronic structure are in agreement in general terms, they
lems. Localized Mn @8 atomiclike transitions seem to be arrive to different descriptions of the position of the Mn
absent in the previous absorption spectra but no definitivbands and the magnitude of their splitting or to different
conclusions can be drawn just from the available data. character assignments to the electronic states and their de-
A few electronic structure calculations ¢h-MnTe have gree of hybridization. On the other hand, the optical mea-
been reported. Allept al. gave the first qualitative model, in  surements oH-MnTe have been scarce, both qualitatively
which the valence bands are Tep5Mn 3d spin-up () and quantitatively, consequently a comprehension of the
states(with the d| states embedded in thestates and the  electronic structure has not been attained from the experi-
conduction band as Mnd + Mn 4s states. The direct op- mental point of view.
tical gap of 1.3 eV determined by Allezt al. was introduced The aim of this work is to provide additional information
as a parameter in two non-self-consistent band-structure cah this sense. This paper reports on light transmission mea-
culations, carried out by Sandratskit al'®* and Podgmy  surements at different temperatures and pressures in the vi-
and Oleszkiewic2! respectively. Both calculations gave a cinity of the fundamental absorption edge. The temperature
similar qualitative picture of this material and confirmed theand pressure coefficients BFMnTe will be calculated, and
validity of the Allen et al. model. According to them, the the temperature and pressure dependence of the absorption
valence-band maximurWVBM) is located at theA point in  spectra will be discussed in terms of the band-structure cal-
the first Brillouin zone and the conduction-band minimumculations and the second-order contributions, leading to a
(CBM) in the vicinity of theL point. In both cases an indirect better understanding of the role of tkded and p-d interac-
band gap is obtained at thepoint, with an energy of 0.8 eV tions in H-MnTe.
(Sandratskii, 0.35 eV (Podgany with warping correctiop
or 0.8 eV(without warping correction According to Sand-
ratskii et al, the valence band has a strong hybridized
character and the exchange interaction is approximately 4 In this study we use unoriented samples from a MnTe
eV. Instead, Podgay and Oleszkiewicz give a strongsrd  ingot grown by the traveling heater meth6EHM).*® In or-
hybridization in the conduction band, a deeper position forder to avoid or reduce contamination effects, a low-
the Mn 2d spin-up band into the Te manifold, and a highertemperature synthesis process was used. Details on the
Mn energy splitting of 6 eV, due probably to the introduction crystal-growth procedure have been reported elsewhere.
of a higher Mn magnetic momernbug instead of 4.%g Optical-absorption measurements at ambient pressure and
adopted by Sandratskii temperatures in the range 16—300 K were carried out in a He
The firstab initio self-consistent total-energy and band- closed-cycle cryogenic system. In this case the MnTe
structure calculation has been carried out by Wei andamples were cut with a wire saw, mechanically polished
Zunger? As it is depicted in Fig. 1, in accordance with the with diamond powder, and etched with a 3% solution of
previous calculations, an indirect band gap-68.19 eV is  bromine in methanol. The sample surface was approximately
found, being the VBM located at theepoint and the CBM at 55 mn? and the thickness ranged between 0.1 and 1 mm.
theL point. Instead, a direct band gap of 0.21 eV is found atOptical-absorption measurements under pressure up to 10
the A point. The energy separation between the occupied MiGPa were performed in a membrane diamond anvil- &l

Il. EXPERIMENTAL SETUP
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(MDAC) at room temperature. In this case the MnTe
samples were unpolished splinters with a surface of 100
X 100um? and a thickness of 2@m, so as to fit in the
MDAC. They were placed together with ruby chips in a 200-
um-diam hole, drilled in a 6Qtsm-thick inconel gasket. A
4:1 methanol-ethanol mixture was used as pressure transmit-
ting medium to ensure hydrostatic conditions. The pressure
was measured from the shift of thg line of the ruby fluo-
rescence with respect to a neon lamp line=(703 nm).

The optical source was a tungsten lamp chopped at 180
Hz. The light from the lamp was collimated and focused on
the cryogenerator sample holder or the MDAC and the trans-
mitted light was again collimated and focused on the en- E(eV)
trance slit of a THR 1000 Jovin-lvon monochromator. The FG. 2. | h he ab , btained f
detector was a Si photodiode in the case of measurements at 7" = r)set(a) shows the absorption spectra obtained for
variable temperature whereas for measurements under pres'sa-mples of different thicknessék mm, 300um, 155um, and 20

. *mum). The 20um sample spectrum is shown before and after the
sure a Ge and a ’lGa‘-‘*’XAS photodiodes Were also used in subtraction of the linear part at low absorption values to eliminate
order “? follow the redshift of the absorptlon_ edge. Th_e Cle'the effect of scattered liglftlashed ling Inset(b) shows the MnTe
tector signal was synchronously measured with a lock-in amapqqrption spectrum from the composition of the previous spectra.
plifier with an output to the acquisition system. The transmit-yain figure: two linear fits can be carried out if the square root of

tance was measured using the sample-in sam_ple-out methagle absorption spectrum is represented, indicating the indirect char-
which, in measurements under pressure, consisted of measyiter of the electronic transitions.

ing the intensity transmitted by the sample and normalizing it

to the intensity transmitted by a clear area near to it. Strayyithin their absorption range. This agreement has allowed
light was measured in the high absorption region of th&he composition of an absorption spectr{imset(b)] in Fig.
sample, and the minimum transmitted intensity was sub in which the lower absorption values are those obtained
tracted from every spectrum. Then a correction was made tgom the thicker samples datd mm and 155.m) and the
the experimental transmittance by adjusting it to the theoretmgher absorption ones, from the thinnest sanf@@ um)
ical value in the region were the sample is transparent tQata. The square root of such composed absorption spectrum,
light. Finally, the absorption coefficierit) was calculated jjjystrated in the main figure, can be fitted with two straight
taking into account the corrected transmittance, the thicknesg,es with different slopes, indicating that the measured ab-
and the reflectivity of the sample. . ~ sorption spectrum is indiredindirect band gaig)]. The
The MnTe refractive index was determined from the in-crossings of such linear fits with the energy axis give the
terference pattern at photon energies below the absorpt'oﬁhonon-absorption energ(y on= Eig— Epn (Which is derived
edge(1.6-1.7 eV. For that purpose the sample thicknessfom the 155um sample data mainlyand the phonon-

was measured with a micrometer. emission energyy ,n=Eiq+ Epn (determined basically by
the 20um sample data An indirect band-gap energg;q
IIl. EXPERIMENTAL RESULTS AND DISCUSSION =1.272+0.013 eV, and a phonon energy of 34 meV is ob-

tained from the average of the previous energies.

The MnTe refractive index measured with the fringe This value is consistent with those reported by
method in the range 1.6—1@m has a value oh=2.46  Zanmarchi® (1.25 e\} and Allenet al? (1.3 e\). It must,
+0.02. This value is lower than that reported by however, be observed that these authors attributed a direct
Zanmarchi® (n, =3.24+0.01) or the one which can be de- character to their absorption spectra. As described in the In-
duced from Allenet al’s reflectivity measuremerfts(n, troduction, Allenet al’s resulf was introduced as a con-
=3.42, practically constant in the 1—}w interva). And it  straint in two MnTe band-structure calculatiéhs® which
appears also low in comparison with the values repdtfied  yielded indirect band gaps of 0.8 and 0.35 eV, respectively.
MnSe (1=2.82) or MnS (=2.6). Our result, being ob- Ab initio calculations by Wei and Zundkresulted in an
tained on nonoriented samples is, however, not directly comindirect and direct band gaps 6f0.19 and 0.21 eV, respec-
parable with the literature values of , owing to the pos- tively, for a magnetic moment of 4.0 . As mentioned
sible existence of an anisotropy in the refractive index. previously, both values, together with the exchange, increase

The inset(a) in Fig. 2 depicts the MnTe absorption spec- when a higher Mn magnetic moment is adopted in the cal-
trum, measured at 1 bar and 295 K for polished samples ofulation(0.3 and 0.71 eV, respectively, far=5.5ug). Sato
different thicknesse€lL mm, 300um, and 155«m) and also et al’s measurement8 yielded an exchange splitting of 6.6
with an unpolished thin sampl@0 um) inside the MDAC. eV which is larger than the calculated one, consistently with
The spectra are coincident, with the exception of that oba larger indirect band gap of 0.9 eV, which is closer to our
tained with the thinnest sample in the MDAC. A high degreegap energy determination. To summarize, according to the
of scattered light affected the transmission measurement adifferent band-structure calculatiohsMnTe is expected to
such unpolished splinter sample, leading to an apparent alpresent an indirect band gap, and a direct transition at a
sorption rise at the lower energies. If the diffusive part of theslightly higher energy. Our measurement yields a band gap
spectrum, which follows a straight line, is subtracted, theof 1.27 eV whose indirect character is in agreement with the
resultant absorption spectrum agrees with the other spectt@nd-structure calculations. Consequently, a direct absorp-
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¢ MoM M M MMM FIG. 4. Absorption spectra at different temperatures after the
3 I £ 8 § 38% correction for the anomalous nonshifting absorption feature for the
-.; i ; 155-um sample(solid lineg and the 30Qum sample(dashed lines
i’ - blue) was observed on the sample surface, indicating the
1y b) formation of a transparent oxide layer of an approximate
0 I thickness of 0.Jum. The intensity transmitted by the sample
1.2 13 1.5 decreased slightly after the successive sample heating cycles,

1.4
EV) and an absorption tail progressively appeared at energies be-

FIG. 3. Absorption spectra at different temperatures for alow the fundamental ed_ge. But no changes were observed in
sample thickness a&) d=300m (in the insetd=1 mm in detail f[he anomalous absorptlor_w spectrum Whlch was present even
and (b) 155 um. in the clean sample and did not increase with the oxidation of

the surface. Nevertheless, even if the anomalous absorption
tion edge should appear over and around 1.4 eV, our maxihad been the contribution of a surface oxide, there would
mum measured energy. The band-gap absolute values canri@ve not been any reason to expect a negligible shift.
be used for comparison due to the fact that a direct band gap Another possible explanation might lie in the presence of
of 1.3 eV was introduced as a constraint in two band-impurity levels in the band gap, moving with temperature at
structure calculations, and the energies were underestimatéide same rate one of the bands does. It is known that the
in the calculation by Wei and Zunger. Localized Mn-Md 3 absorption spectrum from a band to an impurity deep level
transitions are absent in our spectra, consistently with théollows a square-root law for allowed transitions and a 3/2
predicted(4 eV) and measure@.6 eV) energy between the exponent law for forbidden transition® The anomalous ab-
Mn bands. sorption part of the spectrum in Fig(eB can be fitted by a

Figure 3a) depicts MnTe absorption spectra at different combination of two or more forbidden transitions, as well as
temperatures ranging from 300 to 16 K for a 306+ by the sum of forbidden and allowed transitions. In the case
sample. The absorption edge shifts towards higher energied Fig. 3(b), the anomalous absorption part follows a 3/2
for decreasing temperatures but at about 180 K an anomalo@xponent law. The same could be said about the low absorp-
absorption feature appears and becomes more evident as tten tails that appear in the 1-mm sample spectrum. As stated
temperature is progressively lowered. Such absorption onsdt) the Introduction, MnTe is known to betype, due prob-
which starts at about 1.3 eV, shows a negligible shift withably to an excess of tellurium content which leads to man-
temperature. The inset figure shows the spectrum obtaineginese vacancies that act as acceptors. The resistivity of our
with a thicker samplgl mm), so as to evidence the low sample$is of the same order of magnitud Q cm) which
absorption region in which two smoothly increasing absorpcan be found in the literatuté®!® in p-type samples. In
tion features are also appearing at 220 and 140 K. those cases, an impurity concentration of about® @@ 2

As in Fig. 3a), Fig. 3(b) shows the absorption spectra at was measuretf. As the native acceptors are expected to be
different temperatures for the 156n sample. A similar be- Mn vacancies, whose ground and excited states are related to
havior is observed, even if the anomalous absorption shape T dangling bonds, it seems reasonable to asign the anoma-
different and contributes in a larger proporti@p to 80—100 lous absorption to transitions between the valence band and
cm™ 1) to the total absorption. This onset is not attributable toexcited states of the Mn vacancy. As both the initial and final
Mn (d-d) transitions, in view of the energy separation be-states are related o, Te states, a negligible shift with tem-
tween occupied and unoccupied Md 3tates. perature can be expected.

A first hypothesis which seemed plausible was the pres- The presence of the anomalous absorption feature, whose
ence of an oxide layer on the sample surface. MnTe is knoworigin we have just discussed, hinders the calculation of the
to be highly reactive and hence to oxidize very easily in air.gap energy shift with temperature. Thus, we have fitted such
Consequently, a thin layer of MnO or TeO might have ap-part at 16 K, and we have subtracted it to the absorption
peared on the samples surface, introducing an extra absorppectrum at all the temperatures, for both the 155- and
tion. In order to verify such a hypothesis, we have carried ouB00-um samples. Figure 4 depicts the resultant absorption
absorption measurements at 16 K on a sample which waspectra for the 15%m sample(solid lineg, which are prac-
chemically etched so as to eliminate any oxide layer, andically coincident with the 30Q:m sample spectrédashed
then heated in air at temperatures in the range 100—300 °lihes) at the different temperatures. Such a coincidence is
during different time intervals, in order to accelerate a pos{articularly relevant, as different fitting functions were con-
sible oxidation process. A change of colémrom metallic to  sidered in each case. We have also included in this figure the
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1.50 — 0.3 the Neel temperatureand MnO (in which a redshift was
l «— el _B observed An extra shift to higher energies has been also
I FO8[ A reported in C¢_,Mn,Te and other DMS below the &

1.45 - Boal temperatur%and attributed to a change in the magnetic or-
i EDEbDE o MM, ] dering.

140F " 0 04, 08 12144 The temperature dependence of the resistivity and of the

absorption edge of different magnetic systems, and specifi-
cally of antiferromagnetic semiconductors, has been pre-
dicted by Alexandeet al?! from calculations that deal with
the effect of the critical spin fluctuations on the conduction
band. Their predicted temperature dependence agrees with
the observed blueshift in the mentioned antiferromagnetic
semiconductors. In the specific case of the antiferromagnetic
chalcogenides the magnetic transition was found to be ac-
companied by a crystallographic transition and the absorp-
I tion edge was attributed to electronic transitions from the
1.20 Lo 0 magnetic ions to the conduction band. A mddehat in-
0 100 200 300 400 cluded the lattice distortion effect as well as the magnetic
ordering effect in the magnetic ions and carriérsee model
T(K) of Rys et al)®®> was able to explain the shift observed in
those cases. Andet al?® have carried out a second-order
perturbation calculation which includes the exchange inter-

the 300um sample(crossed squargsfter the correction for the action of_electrons in the condu_ctlo_n band anq different ty_pes
anomalous parB: (white squares Temperature dependence of the Of Noles in the valence band with fixed Mn spins. According
energy for an absorption coefficient=200 cni%. The solid lines to their r(_asults, Wh'en the conduction-band shift is dpmlnant,
represent a Varshni function fiE 60 K) of the linear part forr @ blueshift proportional to the square of the sublattice mag-
>Ty. The difference between the experimental datéor B) and netization (and consequently having the same temperature
the Varshni-like function is represented by blagkhite) circles ~ dependenceis obtained. Instead, when the valence-band
(right-hand y axis). The inset figure represents the normalized contribution is dominant, the situation is more complex as
square root of those points together with the normalized sublatticéhe second-order energy includes two terms, a positive and a
magnetizatior(solid line). negative one, which may lead to a redsltifegative resujt
or blueshift(positive result, depending on their relative val-

absorption spectra measured at temperatures up to 420 K. kes. In the particular case in which the ordering effect is
all cases the square root of the absorption coefficient hasmall (this should be the case of €dMn,Te and ZB-
been plotted and fitted with a straight line whose intercepiMnTe) a blueshift which is also proportional to the square of
with the energy axis represents the phonon-absorption corihe magnetization is obtained.
tribution to the indirect transitiorkiq p, (note that the low- In our case, the temperature dependence of the energy gap
energy part of the absorption coefficient at 300 K comeddataA) is qualitatively in agreement with that of the previ-
from transmission measurements carried out with the thickously mentioned AF compounds and with the temperature
est samples behavior predicted by Alexandest al?! At temperatures

DataA in Fig. 5 show the temperature dependence of thi®ver the Nel temperature it follows a straight line which
indirect transition energyE;q, for the 155 um (black corresponds to the linear part of a Varshni-like temperature
squarep together with some values obtained with thedependence, and the same can be said aboutBdaa the
300-um sample(crossed squargsvhich, as we pointed out, Neel temperature a slope change, attributable to a change in
are consistent with the previous ones. The error bar on ththe magnetic ordering, appears. We have fitted the points at
left indicates the maximum uncertainty in the slope calcula-T>Ty with a Varshni functionE(T) (solid lines in Fig. 5,
tion from the linear least-squares fit. DaBarepresent the by assuming a typical value fo#=60K (for CdTe 6

135}

E (eV)
(A9) AV

1.30 |,

1.25}

FIG. 5. A: Temperature dependence of the gap enépimpnon-
absorption contributionfor the 155um sample(black squaresand

photon energy for an absorption coefficiemt=200cm®  =65.4K, for examplg The difference between the experi-
from noncorrected absorption spectmahite squares and  mental points al <Ty and the fitted curv&(T) represents
follows a similar temperature dependence. the magnetic blueshifA E(T)=E,T)—E(T), where E¢,,

The temperature variations of the semiconductor bandre eitherA or B data(black or white circles, respectively
gaps are usually well described by a Varshni equation of thét O K the energy shift reaches its maximum valv&(0)
type E4(T) =E4(0)— aT?/(T+ 6), with a zero derivative for ~0.1eV, WhICh is of the same order of magnitude obtained
T—0K, and a constant value at high temperatures. A deparfor ZB-MnTe?® The dependence of the square root of the
ture from the Varshni-like behavior is evident in this case, inblueshift normalized to its maximum value, i.e,
which a slope change is clearly observed in both curves JAE(T)/AE(0)]*2 on the relative temperatur@/Ty is
310 K, which is the Nel temperature. shown in the inset figure on the upper right for curgeand

An effect of the antiferromagnetic transition on the optical B in Fig. 5. The theoretical relative magnetizatiod (M )
edge has been reported in other antiferromagnetiof a ferromagnetic material, from the well-known expression
compound® and in particular in chalcogenid@such as M/M¢=tanhMTy/M.T) has been also plotted. The coinci-
Co0, a-MnS (in which an extra blueshift was found below dence between the experimental and theoretical curves indi-



13684 CH. FERRER-ROCA, A. SEGURA, C. REIG, AND V. MUBZ PRB 61

2.5

© S v 8 & @ M r =-(59+% GPa1

§c6E566868 8 16 L g/ dP=-(5922) meV/GPa]

Q0 0 = F L

20} g~ ¥233 358 -2 i ]

B 15| 14 . SOE .

= g :

=z 1~0:— S 120 e ]

L ) i i

05 |- V,& L .

& 1.0 1 n Hg exp

0.0 4 . ‘ L - .- . 1

08 09 10 11 12 13 14 15 i [ p=10° GPd 1

E (eV) 0.8 = sl % P=8.GPa

FIG. 6. Absorption spectra at different pressurds-@0 xm). [ 13 i\ . ]

oo6r | N

cates that the energy blueshift foundHhMnTe is attribut- L e P-D™ .

able to a change in the magnetic ordering as explained in the 0.4 TN Y (. I N B
previous paragraph. The magnetic shift in daAtaleviates ) 0 ) 4 6 8 10

from the theoretical temperature dependence in the range
Pressure (GPa)

140-200 K, due probably to an underestimationEgy.y,

derived from the subtraction of the anomalous absorption FIG. 7. Pressure dependence of the gap endigjyonon-
fitting curve in an energy range in which it is overestimated.qission contribution experimental pointscrossed squargsnd
The fact that the shift is positive leaves an uncertainty ONinear fit (solid ling). The observed dependence has been attributed
which contribution is dominant as, according to the model ofi o competing mechanisms: a blueshifting one derived from the
Ando et al, either the conduction band or the valence bandncrease of the exchange interaction with presgcueve SOE and

(if the ordering effect is smallmight be contributing. a redshifting one from an enhancement of hd repulsion(curve

To summarize, the temperature dependence of the gap.D).

energy Eg_n is a result of two contributions: a classical o ) ]

Varshni function and a term proportional to the square of thd1S been corrected by the same fitting procedure explained in

magnetization, as follows: a previous paragraph at the beginning of this section, allow-
' ing, at least, for a proper determination of the phonon-

aT2 M )2 emission part of the indirect absorption cung.p,. In-
Egpn=Bot 7757+ AE(O)(M_> H(Ty—T), (1)  stead, the phonon-absorption contribution cannot be obtained
s as it is affected by a large error. Figure 7 depicts the pressure
where dependence dEy,n. A slightly sublinear dependence is ob-
served, but deviations from linearity are small enough in this
Eo=1.3360.004 eV, range to justify a linear fit which yields the pressure coeffi-
cient
a=—(3.5£0.1)x10 *eVIK,
dEig-pn _ "
AE(0)=0.098+0.001 eV, gp — (59+2) meV/GPa. @

andH(Ty—T) is the Heaviside unit step function. Note that Typical pressure coefficients are, for example, the positive
6 was arbitrarily chosen equal to 60 K, thus, errors are jusvalues 80 meV/GPa in CdTeé, 46 meV/GPa in
indicative of the uncertainty at a fixelvalue. Very similar ~ Cd, qMn,Te,?® or 63.4 meV/IGPa in Zg,dMng eTe (Ref.

results are obtained # is varied within=10 K. 27) among others, whereas a negative pressure shift is ob-
Absorption spectra at different pressures carried out withained in this case.
the sample in the MDAC are shown in Fig. 6, for a 26% There is some information related to this point which is

sample. Diffraction studies dfi-MnTe up to 6.7 GPdRef.  worth taking into account. As reviewed in the Introduction, a
24) have not revealed any phase transition which, accordingrevious study on the effect of pressure on thelNempera-
to our measurements, does not take place even at 12.2 GRare of NiAs-MnTe by Ozawat al® reported a linear pres-
We were not able to measure the absorption spectrum at thatire dependence, with a coefficientdFy /dP=26 K/GPa.
pressure as it involved photon energies that were below th@his positive pressure shift can be attributed to an increment
detector threshold. However, the spectrum at a lower presef the exchange interaction or, equivalently, to an increment
sure such as 5 GPa was the same before and after applying the sublattice magnetization with pressure which can pro-
12 GPa to the sample. The occurrence of a phase transition dtice two effects: first, a shift of the curve representing the
very unlikely, as it would normally result in a polycrystalline temperature dependence of the gap enésggh as data in
sample and an increased light scattering that was not olFig. 5) towards higher temperatures with increasing pressure;
served. second, an increment of the second-order magnetic blueshift,
As explained in the experimental setup section, in this seés it is proportional to the square of the sublattice magneti-
of measurements the samples introduced in the MDAC weregation. On the assumption that the éléemperature is pro-
unpolished splinters, with the consequence that a high levedortional to the exchange interaction, and on the basis of the
of scattered light was present in the transmitted intensity. lknown experimental maximum blueshift at ambient pressure
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AE(0)=0.098¢eV, it is possible to calculatdAE(P) the bands contribution to the second-order perturbation en-
=AE(0) [Tn(P)/Tn(0)]2. When pressure is applied to €rgy should indicate which band is dominant in the band-gap
MnTe at a fixed temperatur@95 K) up to 8 GPa, for ex- blue_shift below the Nel_temperature. We must rec_:aII that
ample, the Kel temperature moves from 310 to 518 K andthe first-order energy shifthe band gap increases with pres-

the energy Vs temperature curve with it. Additionally, thesure) has not been included, hence the previous theoretical

_ L ! pressure coefficients are underestimations of the real shifts.
magnitude of the energy shift increases. The result is de-

picted in the inset in Fig. 7, where points calculated from Eq. IV. SUMMARY
(1) have been plotted fd?=10"° GPa and®=8 GPa. Thus, )
an increment of 0.22 eV in the gap energy should be ob- The temperature and pressure dependence of the optical

g absorption of hexagondH) (NiAs structure antiferromag-
served at 205 Kan average pressure coefficient of 28 meV/netic(g\F) MnTe hagl befgn)d(etermined by ?neans of trangsmis-
GPa approximately On the contrary, we observe the g9ap g, measurements at ambient pressure in the range 16—300

energy to redshift with pressure, which means that thg ang at ambient temperature and pressures up to 9 GPa
mechanism which leads to the negative shift is actually(-r:295 K). The square root of the absorption spectrum
larger than the one which produces the positive shift. Let ushows a linear dependence with two different slopes, from
interpret these phenomena in the framewo[k of the MnTavhich an indirect gap of energl;,=1.272+0.013eV has
band structure. A positive pressure shift of theeNlempera- been obtained. Such indirect character is in agreement with
ture indicates an increase of the exchange interaction due @jfferent band-structure calculations and, to the best of our
the reduction of the interatomic spacings with pressure, anfnowledge, it constitutes its first experimental confirmation.
hence to an increment of the energy separation between tHd1€ temperature dependence of the absorption edge is linear
occupied and empty Mn (@ levels. According to the band- above the Nel temperaturel' y=310K, with a temperature

- _ — 4
structure calculation by Wei and Zundethe introduction of coefficient dE/dT=(3.5£0.1)x10"" eV/K. Below Ty an

a higher Mn magnetic moment increases not only the oxEXtra blueshift is found, with a maximum value of 0.1 eV at

change splitting but also the band-gap separation. Consd@W temperatures. Such blueshift has been reported in differ-

quently, a first-order positive-energy shift should be added (&Nt magnetic and semimagnetic compounds and it has been
the previous second-order energy blueshift, dependent on tlﬁémbmed to the interaction between electrons in the conduc-

square of the magnetization. Thus, the expected blueshi on band(or holes in the valence bahdnd the magnetic

should be even larger. However, we have not been able {ons that are present, interaction which depends on the mag-

estimate that first-order contribution, as no experimental valnetce ordering. In this case, the temperature de_pendence of
such an anomalous shift is found to be proportional to the

ues of the Mn splitting as a function of pressure are avail- S - . .
able. The second-order blueshift value at 295 K has beegduare of the magnetization, a result which is consistent with
‘ e second-order perturbation calculations carried out by

calculated at all pressures from Ed) and is plotted in Fig. Ando et alZ® The pressure dependence of the gap energy

7, with the label SOHEsecond-order energy ; . ; ;
On the other hand, according to the band structure thﬁ)llows almost a straight line with a negative pressure coef-

indirect absorption edge is related to transitions between th C|entdE/d|_3: —(59i2_ meV/GPa) " The Rel temperature
VBM located at theA point and with ap character, and the IS known to increase with pressure in AFMnTe due to an
CBM, located at the. point and with ad character. As ex- mcremgnt of the egche_mge |nterac_t|on, or equ_walently, of the
plained in the Introduction, according to the model by WeiSUbIattlce magnetization. Such increment is expected to
and Zunger, the low-energy gap H-MnTe, together with cause a shift towards higher tempgratures of the gap energy-
the fact that the valence-band maximum is located atithe VS-t€mperature curves and also to increase the extra blueshift
point, has been attributed topad repulsion which raiseg attributed to the magnetic ordering. Both effects should lead

states with 3 symmetry and lowers the states with 3 toa bluezhn‘tt o?th%stecond-cirder?_ﬂergy W'tt.h press%fL_lr(_a Wthﬁn
symmetry (Fig. 1). A possible explanation for the experi- Measured at a fixed lemperature. The negative coetticient has

mental negative pressure shift might lie in an enhancemeﬂpus.been m;grpreted as the sum Of. two contributions, the
of suchp-d repulsion with pressure, which would shift up- previous positive one, related to the increased exchange in-

wards the valence-band maximum. CuRé in Fig. 7, ob- teraction, and a larger negative one derived from an enhance-

tained from the difference between the experimental and thent of thep-d repuision at theA point, leading to an up-

curve SOE, represents the energy redshift attributed to suc‘ﬁards shift of the valence-band maximum with pressure. Our

mechanism. To summarize. the increment of the exchan reesults are thus consistent with theMnTe electronic struc-
) ' re calculations obtained by Wei and Zunger.

interaction with pressure would increase the second-orde
energy at the rate indicated by curve S@B meV/GPa
average but the enhancement of thed repulsion would
raise the top of the valence band at an average rate of 87 This work was supported by the Spanish government
meV/GPa (curve P-D), yielding an overall experimental CICYT Project Nos. MAT95-0391 and MAT98-0975-C02-
band-gap shift of-59 meV/GPa. A theoretical calculation of 01.
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