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Pressure-induced metallization and collapse of the antiferromagnetic state of MnTe
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The electronic ground state and structural and magnetic properties of the pyrite-type antiferromagnetic
semiconductor MnTg have been investigated by combinidgTe Mossbauer spectroscopy and x-ray-
diffraction and electrical resistance measurements at pressures up to 22.5 GPa and temperatures of 4.2—300 K.
It was shown that the first-order phase transition towards a denser high-pressure pyrite phase, taking place at
~8 GPa(increasing pressurgis accompanied by an insulator-metal transition leading to a nonmagnetic Mn
ground state.
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I. INTRODUCTION Hubbard regime whereas the later transition-metal com-
pounds fall into the charge-transfer regime. Nihentioned

The discovery of highFc superconducting cuprates and above, should be classified as a charge-transfer insulator. In-
the giant magnetoresistance effects in La manganites has inteed, resistivity and near-ir absorption measurements gn Nil
tiated a renewed interest in the study of the electronic an@inder pressure suggest that closure of the charge-transfer en-
magnetic properties ofBtransition-metal compounds, and a ergy gap is the fundamental cause of the observed MI
major issue is understanding the metal-insul@kdk) transi-  transition®
tion. This is because many of thedompounds(oxides, Divalent manganese compounds stand apart because of
halides, and chalcogenideare antiferromagnetieAF) insu-  the Jarge stabilization of thed$ high-spin ground state. This
lators at low temperatures, and their properties are drastically, ;sesA and U to be of comparable magnitude and larger

altered by varying either composition of the cation/anionthan those of neighboringd metal ion compounds of a
sublattices or by applying pressure or changing the

iven serie$. This explains why MnTgis nonmetallic while
temperaturé.A spectacular example of the consequence ot P y £

pressure is Ny, which undergoes a pressure-induced transi-COTQ and NiTe are metals at ambient conditiongurther-

tion from an AF insulating state to a honmagnetic metallic™ore 1t 1S exp_e_cted that_ n the Mh compounds, hole and
state without changing the crystal struct@r@his type of lectron mobilities are similar. ,
transition is of special interest because its pure electronic | NS work reports on the high-pressure behavior of MnTe
nature is of importance for understanding the broad class dfSing the combined methods 6_?51-3 Mossbauer spectros-
strongly correlated systems. copy, _energy-dlsperswe X-ray dlffractlon,_and electrical con-
The qualitative behavior of the MI transition in such sys- ductivity. The l(éompound under study is known to be a
tems has been understood for a long time using the Mottsemmonduct(?r that crystallizes with the pyrite structure
Hubbard theory:>* However details of this theory were in (space groupPa3). Recent photoemission spectroscopy
disagreement with experiments. It does not explain, for in‘measurements and comparisons with local spin density and
stance, why NiO and CoO are insulators but NiS, CuS, angonfiguration-interaction calculations allow us to classify
CoS are metals or why the optical band gap in the Ni dihaMnTe, as a charge-transfer insulatoA € 1.5,U=5.5eV)
lides depends on the anion electronegativity. It is now welland the value of the ligang-metald hybridization energy
documented’ that the 3l compounds can, in fact, be clas- (T=1.4eV) confirms th@g—d charge-transfer nature of the
sified into two regimes, i.e., the insulating gap may be eitheband gap* MnTe, undergoes a second-order antiferromag-
of the Mott-Hubbard type or of the charge-transfer type, denetic transition atTy~86.5K. The nature of its magnetic
pending on the relative magnitude of the intra-atomic Cou-structure, which has been subject to controversy, was re-
lomb energy(U) that splits thed band, and the charge- cently shown to be noncollinear with the magnetic moments
transfer energyA), which corresponds to the excitation of an (4.28ug) of the four Mrf™ ions of the unit cell pointing
electron from the anion valence band to the transition-metatlong different body diagonals of the cubg,//(111)).*
ion. Thus according to Zaanen, Sawatsky, and Alfen U The occurrence of strong covalency effects, i.e., electron
<A, the system is in the Mott-Hubbard regime wittdad  transfer between the ligands and the ¥rions, was con-
gap forU>W and ad metal forU<W (W being thed-band  cluded from the observation of a spin density at the tellurium
dispersional energyBy contrast, fold > A the gap is of the site and from the significant reduction of both the quadrupo-
charge-transfer type and §<W the ground state is @ lar interaction(Te) and the ordered Mn moment as compared
metal (W being thep-band dispersional energyThe early to the values expected for the freesTeand Mrf* ions!?
transition-metal compounds belong in general to the Mott-The effect of applied pressure on the structural properties of
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MnTe, was already considered by Fjelyat al**1* who The Mossbauer spectra were obtained using a small-size
first used a conventional x-ray source and later synchrotrof2-mm diameter neutron-activated Mg'**TeQ; source kept
radiation. They concluded that the pressure-induced strucither at 4.2 or 77 K. The 35.5-key/rays were counted with
tural change at=8 GPa is strongly affected by the hydrosta- an intrinsic Ge detector and typical count rates through the
ticity conditions. The observed high-pressure phases were #AC were about 50 counts/s and typically data for each
the pyrite or/and marcasite tyg The first-order transition pressure were accumulated for a period of 2—3 days. In the
accompanied by a large volume reductienl6% was at- case of combined quadrupole and magnetic interactions, the
tributed to changes in the electronic propertitShe aim of ~ experimental data were computer analyzed by diagonaliza-
our work was to elucidate the nature of this pressure-inducetion of the full nuclear Hamiltonian.

electronic transition.

C. Energy-dispersive x-ray diffraction (EDXR)

The experiments were carried out at room temperature at
the energy-dispersive x-rafeDX) station of LURE (DCI
A. Sample preparation Orsay using the Maesbauer DAC loaded at a pressure of 18
GPa. The diffraction data were collected at three different
scattering angles of 6.50°, 7.27°, and 8.10° because the ob-
gervation of the Bragg reflections of the high-pressure phase

II. EXPERIMENTAL PROCEDURE

MnTe, was prepared from stoichiometric amounts of Mn
(99.9% and 15%'%°Te enriched elemental tellurium. The
ellet made of the starting materials was heated in a silic P
'E)ube under argoii300-mm §|;_|g first at 773 K for a prelimi- was hampered by thid,, , andK g, , characteristic lines of
nary homogenization and then at 873 K for 2 weeks. Powde-rl-e (27.47, 27.20 and 31.0, 31.7 keV, respectiyely
x-ray diffraction showed that the final product is single phase

with a pyrite-type structure. Samples for resistance measure- D. High-pressure resistance measurements
ments were tiny single crystals obtained by the “flux-  The measurements were carried out in a Bridgman-type
growth” method described previousty. sintered diamond-anvil cell with steatite as the pressure-

transmitting medium. The pressure was changed at room
temperature and measured at low temperature using the su-
perconducting transition of lead. The samples were single
125Te-Mossbauer-spectroscopy pressure studies were pecrystals of MnTe. All “large” crystals having sizes of
formed over extended temperatu#e2—300 K and pressure about 500x 200X 50 um? proved too fragile and broke on
ranges(up to 22.5 GPa The enriched MnTesample was application of pressure. A successful loading was eventually
loaded in a miniature diamond-anvil célDAC) using a 50- made with a sample with dimensions of about 50
um-thick Ta oW, 1 gasket with a drilled hole of 25am. An x30um?. The electrical contacts were made with L6y
external Ta collimator was placed as close as possible to thgold wire instead of the normal 26m platinum wire. Be-
entrance diamond to avoid transmission of the 35.5-keV cause of these difficulties some contacts proved temperamen-
rays through the gasket. Argon was used as the pressutal, causing some extra noise and missing data regions. They
medium. The pressure was measured at room temperatua¢so prevented us from measuring the pressure accurately for
with the ruby fluorescence method. Uncertainties in pressurthe first three pressure steps. A successful experiment was
did not exceed 0.3 GPa. nevertheless carried out up to 18.8 GPa. The missing pres-

B. High-pressure 1?Te Mdssbauer methodology
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FIG. 2. Pressure dependence of the relative abundance of the FIG. 3. Neel temperaturdy of the low-pressure pyrite phase as
high-pressure pyrite phase at 4.2 K as deduced from theshiuer  a function of pressure as derived from the $dbauerA) and re-

data; increasing pressu(®), decreasing pressufd). sistance @) data. The straight line is a fit through the experimental
data.
sure values can be deduced from the applied force and the
sample data, notably the pressure dependendg, of pressure phase was expected, according to Ref. 14, to be of
pyrite type. That was nicely confirmed from our EDXR ex-
IIl. RESULTS AND DISCUSSION periment performed at 18 GR&ig. 4). The low-pressure

(LP) and high-pressur€¢HP) pyrite phases coexist in the

Typical '*Te Mossbauer spectra recorded at differentpressure range 9-15 GPa on increasing pressure and 15—4
pressures and temperatures are shown in Fig. 1. In the firg§Pa on decreasing pressifég. 2).
pressure regime up ®.~8 GPa, the 4.2 K spectra are char-  The observation that the HP pyrite phase exhibits only an
acteristic of a single magnetic component. Their spectralinresolved quadrupole splitting down to 4.2 K suggests that
shape is interpreted by diagonalization of a hyperfine interthe Mn ions are not in a paramagnetic configuration, i.e., the
action Hamiltonian involving both a transferred hyperfine phase transition does not involve a change of the crystal-field
field Hj; and a quadrupole splittin@ S=1/2e%q,,Q.*?Itwas  splitting and an accompanying high-spig= 3)— low-spin
found thatH}; (essentially a measure of the spin density in(S=3) crossover of the Mf1" ions. Alternatively, the lack of
the *?°Te 5s orbital), QS (due to the'®Te 5p-electron im-  magnetic order could indicate the breakdown ofdheelec-
balance, and 6 (the angle between the principal axis of the tronic correlation and a concomitant metallization of MpTe
electric-field gradieneq,, andH}) remain constant up tB, ~ Our high-pressure resistance measurements, as shown below,
(Hh~97kG,e?q, Q~ —8 mm/s,f~ 16°).121518 Wwith in- indicate that the latter scenario takes place in MnTe
Creasing pressure in the range of 8—15 GPa, a nonmagnetic The temperature dependence of the resistance at various
component evolves. This component coexists with the origiPressures is shown in Figsig and(b). As can be seen the
nal low-pressure magnetic phase. The pressure dependence
of the relative abundance of the nonmagnetic component as
derived from the analysis of the Msbauer spectra is shown
in Fig. 2. In the pressure regime above 15 GPa, the spectra
are satisfactorily fitted with a single nonresolved quadrupole
doublet(QS~3.5 mm/s at 20 GPa and 4.2 Khich is simi-
lar to the one observed in metallic nonmagnetic Fede
CoTe compounts.’

The observed behavior leads us to conclude that both the
Mn moment and the noncollinear magnetic structure of
MnTe, remain stable in the low-pressure pyrite phase. The
variation of its ordering temperatufig, with pressure as de-
duced from theP, T) dependence of the Msbauer spectra
is shown in Fig. 3. As can be se€h, increases by a factor 10 20 ' 30 40 50
of ~2 from 86.5 K at 0 GPa to 179 K at 7.2 GPa. The linear E (keV)
increase ofly at a rate of~12 K GPa * simply reflects the
increase of the exchange integrals with decreasing vofume. FiG. 4. Energy-dispersive x-ray-diffraction pattern of the high-

The Massbauer data fully agree with the first-order naturepressure pyrite-type phase of MnjTeollected at a scattering angle
of the phase transition and the stability range of the low-of 9=7.27° at RT and 18 GPa. Indexing of the diffraction lines
pressure pyrite phase observed previously by x-ray diffracgiven on the figure leads @=5.95(5) A. The arrows indicate the
tion.!* As we used nearly hydrostatic conditions, the high-positions of the escape lines and of tig,K ; Te lines.
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large decrease iR around 8 GPa indicating the metallization of
MnTe,.
curve is probably due to a proportion of the LP-pyrite phase
5 still present. At higher pressures tR¢P,T) curves look as
ot though we have the pure high-pressure phase. As pressure is

increased the curves become more metallic in nature, but

. surprisingly the high-temperature resistance level increases
o _//A——’ie—s.a GPa | [Fig. 5(b)]. . .
: (b) :11-8 GPa The measurements made while decreasing pressure are, as
ol _‘_}g-g g:zg | usual, far less reliable. They seem to show that there is a
! | ! R large hysteresis in the phase transition, in agreement with the
0 50 100 150 200 250 300 Mossbauer datdFig. 2). Although the low-pressure phase
T(K) starts to appear around 8 GPa, some of the high-pressure

) phase is probably maintained down to zero pressure.
FIG. 5. (8) Temperature dependence at various pressures of the |, conclusion, the present study clarifies the nature of the
resistance of the low-pressure pyrite phase of MnThote the  pigh hressure structural and electronic states of MnTe
semiconductorlike behavior and the steep increas&yofvith in- pon increasing pressure a first-order phase transition to-

. . )
creasing pressuréb) Temperature dependence of the resistance O(Nards a denseL6% collapse in volumepyrite phase occurs

MnTe, at pressures above the critical pressure for the onset of thground 8 GPa. The isostructural phase transition is accompa-
insulator- metal transition. The shape of iR T) curve at 8.8 GPa ' P P

suggests the coexistence of the insulating low-pressure pyrite phagged by_a rlne_talllzatlon O(I I\QnTzehwhose grour_lddstat% IS norlll-_
with the metallic high-pressure pyrite phase. The curves at highewagnet'c' tis suggested that the pre_ssure-m uced metalliza-
pressures indicate pure metallic behavior. tion and collapse of the Mn moment is due to the closure of

the p-d charge-transfer ga@\). It may be anticipated that a
distinctive feature, found from previous zero-pressure exsimilar situation to that of MnTgexists for the isostructural
periments to correspond to the dleéemperature, is clearly MnS, and MnSe. High-pressure Mssbauer data for’Fe
visible in the low-pressure regim{éig. 5a)]. In fact, it is  substitution in MiX, (X=S, Se, and Te support this
more pronounced than in previously publishedassumptiorf’ The higher critical pressure=14 GPa found
measurement$. The Neel temperature in these crystals was for MnS, (Ref. 2] is in line with the expected increase f
checked at zero pressure with a superconducting quantumith the ionicity of the Mﬁ*-x? bonds. We feel that our
interference device magnetometer and found to be around &sults would stimulate further experimental and theoretical
K in agreement with previous resuft§From the resistance efforts for a better understanding of the pressure-induced
dataTy is found to increase to 166 K at 6.9 GPa. This fitsstructural, electronic, and magnetic phenomena in th&XMn
well with the Mossbauer resultéFig. 3) but disagrees with  series. Future experimental works should be devoted to a
another high-pressure resistance sttitly. direct determination of the gap closure by optical methods as
Between 7-9 GPa, an insulator-to-metal transition iswell as to the pressure dependence of the Mn moment by
found[Figs. 5a) and (b)] that corresponds to the structural new tools such as the resonant x-ray magnetic-diffraction
phase transition. In the LP-pyrite phase the effect of pressurgchnique®?
is to gradually decrease the resistance while keeping a semi-

cpnductorlike behavio_r. Th(_a effect on the transiti_on to the ACKNOWLEDGMENTS
high-pressure phase is quite brutal and the resistance de- )
creases by a factor of 50@ig. 6). The relatively high resis- Thanks are due to J. P. Itend A. Polian for their help

tance at 8.8 GPa and the slightly “bumpy” nature of the during the EDXR measurements.
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