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The temperature dependence of resistivity, magnetization, and electron-spin resonance-bifesingle
crystal were measured in temperature range of$TK< 550 K. Magnetization hysteresis in an applied mag-
netic field up to 0.7 T aff=5, 77, and 300 K, irreversible temperature behavior of magnetization, and resis-
tivity were found. The obtained data were explained in terms of a degenerate tight binding model using random
phase approximation. The contribution of holestjg and e; bands of manganese ions to the conductivity,
optical absorbtion spectra, and charge instabilitypiMnS were studied. Charge susceptibility maxima re-
sulted from the competition of the on-site Coulomb interaction between the holes in different orbitals and small
hybridization of subbands were calculatedTat160, 250, and 475 K.
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[. INTRODUCTION conductivity. Theey and t,4 bandwidths of Mn states are
~2.5 eV and~1 eV, respectively. Thgy bands correspond-
Recently the compounds with strong coupling of theing to the spin-up and spin-down electron states are sepa-
charge-orbital and spin degrees of freedom have attractagéted by~1.6 eV. The Fermi level is located at the bottom
extensive interest in connection with the specific propertyof thet,, band with the spin down. The states of the valence
namely the colossal magnetoresistance, i.e., the strong resisand are occupied by electrons of battsulfur andd man-
tivity decrease in applied magnetic fi¢lth manganites with  ganese orbitals and the gap value-i.5 eV.
small concentration of doped carriers this strong coupling |n this paper we determine the contribution of the carriers
leads to ferromagnetism, which results from the competitionn the uppere, andt,q Hubbard bands to the conductivity at
between ferromagnetic double-exchange interaction anfbw and high temperatures and the influence of charge insta-
AFM super-exchange. High temperature behavior of the repility on the transport and magnetic propertiesaseMnS. In
sistivity p(T) in the manganitesRMnOs(R=La,Pr,Sm?  contrast to manganite, the weak magnetic moment results
looks like step function explained by the charge and orbitafrom the orbital moment ordering the holes localized in one
ordering. Since the substitution of manganese ion by anothesf the subbands,,.
3d-metal ion leads to the absence of these properties, the
dramatic resistivity drop in applied magnetic field is attrib- IIl. EXPERIMENTAL RESULTS
uted to the electronic state of the manganesé ion. The a-MnS single crystal was made by liquid manganese
Similar effects have also been observed in compoundsaturation with sulfur atT~1245 °C. X-ray diffraction
synthesized on basis @MnS. The diluted magnetic semi- analysis was performed on DRON-2.0 diffractometer with
conductors Mp-,FeS reveal the colossal magnetoresis-the monochromatic Cuk radiation at temperatures of
tance. The properties of these compounds should be caus8d—-300 K. The resistance measurements were maldd ih
by the electron structure of the manganese monosulfideand[100] directions at temperatures of 90—-550 K. The fluo-
which results in a number of characteristic properties of MNSescence spectroscopy experiment was carried out on
pure single crystals. Similar to LaMnQ a-MnS sulfide  SPARK-1 spectrometer. According to the x-ray analysis data,
shows antiferromagneti¢AF) ordering of the second kind the synthesized-MnS sample is the single crystal, which
consisted of ferromagnetically arranged spinglihl) plane  has a NaCl cubic lattice with the cell paramets¥5.22 A.
and AF spin ordering along cube edges. Unlike LaMnO In Fig. 1 the temperature dependence of the resistjvityr
with Mn®* ions, the ground state of the manganese ions irthe a-MnS single crystal is shown. One can clearly see a
MnS with NaCl structure is M. The resistivity of the MnS  gradual change of the resistivity during the sample heating
pure single crystals is independent of temperaturé<aily ~ several times up to 550 K. The first heating-and-cooling
(Ref. 4 and behaves analogously to semiconductors up teycle causes significant temperature hysterapifo~ 1 and
800 K. In temperature range of 400—550 K the resistivity ofthe second cycle yield&dp/p~0.2 atT=280 K. During the
the manganese monosulfide has a platethe, mechanism of  subsequent heating-and-cooling cycles the temperature hys-
which is not studied yet. As the Hall effect measurenentsteresis of the resistivity disappears, and the resistivity has a
showed, the conductivity is realized by holes id-{3and of  plateau in the range of 420—550 K, showing good agreement
manganese ions. with the previously obtained dataThese measurements
The electronic and magnetic properties @MnS have were made at high vacuum and the results appeared repro-
been studied in the framework of the density functional levelducible after long keeping at room temperature.
theory by self-consistent solving the Kohn-Sham equdtion. The current-voltage characteristic shows the small nega-
First principle calculations confirm the hole character of thetive differential conductivity atU=2 and 30V andT
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FIG. 1. The temperature dependence of the resistivity measured 9.0x10" e b
at two cycles of heating and cooling: the fit&} and the secon(?) S
cycles. S 6.0x10* .
=280 K, which disappears at=550 K. Thedl/dU curves S m 2
are presented in Fig. 2. The behaviorpgt)) at T=560 K is g 3.0x10™*
typical for semiconductors. The magnetic susceptibility mea- £
sured in range of 77 KT<300 K is nonlinear at low mag- 0.0

netic fieldsH=200 and 1000 Oe with anisotropy valig/ x

along thg100] and[111] directions of~0.16, and correlates

with the anisotropy resistivityl-p10q/ p[111) ~ 0.46%

Magnetization measurements were carried out with the

superconducting quantum interference de\8&UID mag-

netometer. Specimens were cooled to 5 K and then heate
to the highest temperature in zero magnetic field. The,
monocrystal was found to have a small spontaneous moment

in the range of 4.2—300 K. The(T) curves for[001] and
[111] are shown in Fig. 3. After cooling o&-MnS in mag-
netic fieldH=200 Oe magnetizatiomy,,y(T) exhibits quali-
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FIG. 2. The voltage derivative of curredt/dV(1) and density
of state near the chemical potentigit)(2) at (a) T=280 K and(b)

550 K.
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FIG. 3. The temperature dependence of the residual magnetiza-

cilon on the one manganese ion aldrig.1] (a) measured in zero

ield cold (ZFC) and atH=200 Oe(FC). Estimated1) by Eq.(11)
nd measure(R) magnetization alonf001] versus temperatui).

tatively different temperature dependence. Magnetization vs
H curves afT=5, 77, and 300 K are presented in Fig. 4.
Electronic spin resonand&SR measurements were per-
formed with the X-band Radiopan SE/X-2544 spectrometer
at v=9.4 GHZ4150 K<T< 300 K), using a continuous gas-
flow cryostat for N. The oriented sample was placed into a
quartz tube. Figure 5 shows the temperature dependences of
the ESR linewidthAH and the effectiveg value Qe
=hv/(ugH,e9 determined fromH,s The largest difference
between the linewidthssH=AH[qo—AH10q along [001]
and[100] is observed near the rhombohedral lattice deforma-
tion. The sH value changes a sign af=250 K. The
g-values show a small increase Bt>200 K and approach
high-temperature value. The zero-field splitting parameters
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FIG. 4. The magnetization vs. magnetic field at the different
temperatures.
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_ FIG. 6. Schematic drawing of thgy holes moving on the sites
FIG. 5. The temperature dependencéafthe effectiveg value  and density of states of single electron excitations intsgésolid)
9eri(T) and (b) AH (1), AHjooy~AHp10q (2) for H parallel to the  and e, (dotted lower Hubbard bandLHB) and upper Hubbard
crystallographic axis. Solid lines represent the fits using(E#).for band (UHB) with arrangement of Fermi levéEg) and chemical
Geff- potential (Ref. 6).

. . . . . direct Coulomb integral between the different orbital elec-
g?]i:gt(rjoE ;ch;\ebixﬁétgpr?\irzzcojn;gcmt?r:g]fe?nf tgri\tilpegfeloennzronsu and the intraband and interband hopping matrix ele-
P X P PeNents. Interorbital exchanggis much less than Coulomb
dence ofH, using the general formula for the resonance

hift th | ¢ h | fiel i h interactionJ/U ~ 0.2 and may be omitted. The motion of the
kS)eIIOV\t/) at resulted from the crystal field as will be shown oo e carriers is considered in the paramagnetic phase with

the small holes concentration. According to Hall measure-
ments the charge carriers have the hole type of the conduc-
IIl. MODEL AND CALCULATION METHOD tivity. Below we will show that the averaged group velocity
The covalentbond between sulphr and manganese o0 eXclalon spectrum on e Ferm suface i our moce
[?ﬁgssjlo ;i?':}ggtli 222 I?)L;r'l(ee g;e;:;;o;n%enns:r)]/ gg d?{;gﬁeo]lonsand are similar to doped nondegenerate semiconductors. The
the df t!? 2) 1 o th in t ﬂ5. ds t holes concentration can be estimated from bandwidth value
e d*(ty,€) term to the main term off> corresponds 10y 1 ey and the charge transfer gap calculated from the

partial filling of the upper Hubbard band. A schematic imagee|l-known relation E =€y~ eg+Uqg, Where e,4 are the

of the electron density of states of manganese ions calculategomic orbital eigenvalues, on the levelsd for sulphur and
by Taperroet al.ﬁ is shown in Flg 6. The Fermi level locates for manganese ionsi arU:hd is the intraatomic Coulomb pa-
below the chemical potential at the bottom of the upper Hubrameter within the same orbital. The Coulomb integral is
bard band. We neglect thgg andty bands hybridization and  estimated from the difference of energies and E3* for
thus, the conductivity can be estimated as an additive quani®(4t,,2e,) andd*(2t,42e;). The relations);=E3*~E** and
tity of o=0¢ +0y, . Schematic representation of the charge,=E*-E?" are found from x-ray photoelectron speétra
transport through the lattice sites is shown in Fig. 6. Electroand are equal td);~-1.5eV, Q,~1.5 eV, andUgy=0,
static interaction of excess charge lifts the double and triple-; ~3 eV. The valuee,—¢;~1 eV is equal to the differ-
degeneration of they andt,, subbands in the cubic crystal ence of energies corresponding to maximum of DOS Bn 3
and causes the rhombohedral deformation of the lattice witlsulphur anobl5t2g manganese iorfsThe concentration is pro-
the local symmetry breaking. According to ESR measureportional to the hybridization degree~ (W,/zEy)?, which is
ments, the anisotropy off value at T>170 K is 6g/g  equal ton=5X 107 and 0.01 fort,, and e, states, respec-
=0.99 and local deformations lead to a small difference ofively. The first principles calculatiofigjive the higher value
values of hopping integrals parameters along direction®f the concentratiom(t,g) =0.03, n(ey) =0.07. The appear-
[100], [010], [001], which is &/t~ (5g/g)**~0.998. We ne-  ance of two electrons on thilevel causes the reduction of
glect this difference and consider the isotropic case. the manganese ion spBr4.4ug.%

Theoretical analysis was made in terms of the degenerate Below we consider the motion of charged carriers only in
tight-binding model with three interaction parameters: thethe upper Hubbard band in the frame of the effective model
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with the spinless fermions. The model Hamiltonian is de-
scribed as follows:

2 t i aiaaja E tIJ amajﬂ pn+ 2 Unlanlﬁa
ij,a i,j,a>pB i,a>pB
Et cja E t clacm mun+ E Un,anlﬁ,

ij,a i,j,a>pB i,a>pB

1

where a5 is the annihilation operator of thgy ., the
orbital holes[a(B)=xy,yz,zX]; Ci,g is the annihilation op-
erator of theey (), the orbital holega(B) =x*-y?,3z*~r?],

w is the chemical potentiah is the holes concentration, and

PHYSICAL REVIEW B 71, 125204(2005

B)

AE(B) _/*L+Unﬁ (a)r

SE(B)

— 2t cosk, — 2t] cosk, - 2t7 cosk,,

gy = — 2t(cosk, + cosk, + cosk,). (3

The type ofs“(ﬁ) a=x?-y?, B=372°-r?, reflects the symme-
try of thespwave function’s hybridization of the sulphur ion
with the d,2_,2, d3,2_2 wave functions.

The solution of Eq(2) is reduced to the following cubic
equation for determining of the excitation spectrum:

o= Aw? + Bw + As? + 282 - EVENE)*=0

ti;" is the hopping integral. (4)
Let us write the system of three equations for the Green’s

functions describing the hole motion i, band. When using

random phase approximation, the equation sets for the

Green’s funct|ons<<ara|aT ) and ((ara|aT ) are being The excitation spectrum iy subbands is found from Eq.

A=EY+EF+Ep,

B = EYES + EYES*+ ESE)* - 3¢2.

closed. These equations have the following form:
(0-E)G + G+ 6,GF *=1,
&G+ (w - EP)GL + ,Gf “= 0,
&G + e GE + (- Ef )G * =0,
= ((ay ofay o)

GE(B,)Q = <<a-k,ﬁ(ﬁ’)|a';,a>>:

ERP) =) = u+ U(n, + g g),

k k K k
g0 =~ a,, COSEX cos—ZY - 4t,, cosEX cosEZ

k k
-4, cosEZ cos—2x — 2t, cosk, - 2t, cosk,
— 2t, cosk,,
gy = — 2t(cosk, + cosk, + cosk,),

2

The values,’ have a different set of hopping integral param-
eterSa XY, byl b @=YZ b2 b by, @X2 Gty

. The equation set for the Green’s functiof{s, a|c, )
and {croler ) describing the carriers dynamic in t@
subbands has the following form:

(w-AHGE + e, GP*=1,

n:n1+n2+n3.

8 Gy + (0 - ADGL =0

= <<Ck,a|cz,a>>; Gfa = <<Ck,,e|cz,a>>,

A
w1 AK) = 3(AL + AP+ V(AL - AD)? + 4e)). (5

The chemical potential is calculated from the self-consistent
equation for the hole concentration

1
N

wheref(w)=[exp(w/T)+1]"1. The summation over the mo-
mentum in the Brillouin zone is made using 8°@ints.
The holes distribution function igy andt,, subbands is cal-
culated by this expression:

da)f(w)% Im G*(kw), (6)

N(k) = j dwf(w)% Im G**(kw),

AL(f(wp) = f(wy)) + 01f(w1) — wyf(wp)

w1~

Ne(k) =

w7

ex — (0~ EP) (w0, - EP)

N?(k) = fley) (01— wp) (w1 — w3)

EZ)
wl)
EZ)

w1)

e~ (0~ EP)(w, -
w3)(wy —
e — (w3~ Ef) (w3 -

(w3~ wy)(w3—

+f(w))

(wp =

+f(wy) ()

where w; are determined from Eq$4) and (5). Holes con-
centrations in subbands;,n,) are found by minimization of
the grand canonical potential of the holes gas:

Mg, Ny _

g, dny

%kE [w(k)f(w(k)) — keTf(w(k))In f(w(k))] = un.
(8
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FIG. 7. The temperature dependence of the hole conductivity in
tyg(1) and ingy(2) bands normalized to the constangdefining the
dimension of conductivity.

9(w)

The transport properties such as a conductivity can be
obtained from Kubo formula in the limit o — o (Ref. 7):

flw')—f(ow +w)

w

o(w) = 0'02 J do'l (o' 0"+ o)

Ia((l)l,(l)z) = %% Im Ga(k,wl)lm Ga(k,wz), (9) E

171

where oy is a constant defining the conductivity dimension.
In order to estimaté) Coulomb potential, we used the rela-
tion between intra- and interband Coulomb parameter
U’/U~0.6 determined on the basis of the first principles
calculation method for the perovskite compoufd3o ' AN .
achieve the best agreement between the theoretical 2.0 24 2.8 3.2
results and the experimental data, such as the temperature o (eV)
dependence of resistivity, the activation energy, the
current derivative of voltage, and the optical absorption FIG. 8. The density of stataf®) of single particle excitations
spectrum, we obtained the values for the followingin e band at(a) T=100 K(1),400 K(2) and intyq band at(b) T
parameters (it t, t,, tit,) used in Eq. (2 =200 K(1),700 K_(2) where energy is normalized to_hopping pa-
(0.4,0.4,0.041,0.1,0.1to, (0.4,0.04,0.4,0.11,0.0t,, and  rametet. The optical absorbtion spectrum measured in Résﬁoﬂlo_l
(0.04,0.4.0.4,0.1,0.1)t, t,=0.067 eV fordxy, dyza d,, or- line) atT= 17Q K and the calculated density of states of holeiggn
bitals, respectively, and(t,,t,,t) used in Egq. (3) band(dotted ling.
(0.1,0.1,2t, and (1,1,0.Dty, t,=0.11 eV for(322-r?) and
(x2-y?) orbitals, respectively. These bands are occupied by he smallo(T) value results from Coulomb gaf. at the
holes with the average filling numbers=0.015 andn,  ermi level. TheA.=Er—u dependence on temperature fits
=0.04. The Coulomb integral between different electron orWell the linear (Eg—u)=11T. The typical temperature de-
bitals isU=2 eV. The hybridization of subbands may resultPendence of resistivity for semiconductors g
from the electron-phonon interaction or interaction of differ- ~ Po €XPAc/T) and p~ poexp(11) for the a-MnS atT<Ty.
ent orbitals via anion with effective hopping parameter The resistivity is independent of temperature, which is in
=0.0%,. good agreement with the experiment.
The conductivity of the,, band is attributed to the ther-
mally activated carriers. Chemical potential lies in the range
IV. DISCUSSION of energies between two peaks forming the effective quasi-
gap in the excitation spectrum, as shown in Figp)8As one
Calculated optical conductivity(w) for the e; band re-  can see from Fig. 7, the holes in thgandt,, bands make
veals the optical quasigap at=0.28 eV. The temperature the main contribution to the conductivity @i 200 K and at
dependence of the normalized conductiwitito— 0) calcu-  T>200 K, respectively.
lated atw=10"* eV is presented in Fig. 7. The conductivity  Calculated resistivityp=1/0,0=0\+0y, is presented in
realized by the carriers in the; band decreases with the Fig. 9. Good agreement with the experimental data obtained
temperature increase, similar to an electron gas in metal$or the -MnS single crystal is observed. In Fig.cdis nor-
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FIG. 9. The temperature dependence of resistivity measiyed
and calculated fon,=n,ngz=0(2),n;=n,=nz=n/3(3) normalized
to the resistivity value al;=166 K.

malized to the resistivityp(T,), where T;=166 K corre-
sponds to rhombohedral lattice distortion temperature. The
estimated and measured values of the activation energy are
equal to E;=0.2 eV. Sharp resistivity decrease &t
~300 K arises from partial lifting of the degeneracy of . .
Xy, Xz,zy subbands. Minimization of the grand canonical po- 0.00 0.50 1.00
tential of the holes ga¥l with respect to the average filling
number gives the values of,=n and ng=ng—0 atT
<250 K and uniform filling subbands &t>475 K.

To understand the moving of charge carriers in the mag-
netic field we calculate the averaged group velocity on the
Fermi surface. The excitation spectra along three directions
are shown in Fig. 10. The large interdot space near the
chemical potential results from using the discrete number of
the wave vectors in Brillouin zone. The group velocity on the
Fermi surfacéV, w(k) <0 and the acceleration of charge car-
riers in the magnetic field differs in sign as compared to the
electrons in metal¥, w(k) >0. Such excitations are similar k, (r,mm)
to the hole excitations.

The conductivity is proportional to the velocity and den-
sity of the charge carriers numbhil, at the chemical poten-
tial. The filling numbers distribution functioN(k) has .

ectors Ak, =Kn1—Knyo corresponding to twoN,,,, are

maxima at the chemical potential. The temperature deper¥h in Fio. 11 Th . Sted with
dence ofN,,(k) reveals the remarkable slope changes a?h OWE In F1g. o ere are tt‘g’o tratn_srlﬂozré% ?(ssoc(;atetT wit
definite temperature@ig. 11), which correlates with the pe- € change of the wave vVectliy,, at 1= and &

culiarities of the conductivity temperature dependence. The:475 K. The change d{y, with respect tm, is observed

calculation ofN,(k) allows us to determine the wave vec- in the xy plane atT<300 K. At T>475 K the distribution

tor of the charge ordering. So, the charge susceptibility
calculated as

(k)

0.00 0.50 1.00

FIG. 10. The excitation spectrum ig, band alonga) [001], (b)
[110], and(c) [111]. Fermi level is denoted by the dotted line.

ifunction N(k) has only one maximum. The maximal value of
%(qm) together with the wave vectay,, are shown in Fig.
12. The dispersion minimum is reached &t 475 K. The
dN(km) dkm essential change ofj,, is observed in temperature range
S — 400 K<T<470 K. The relaxation time of the current car-
riers is dependent on the hole wave number that should lead
) ) ) to the conductivity anisotropy. The charge susceptibility of
(where summation ovekm is made near the chemical po- the holesy,=dn/du in the t,, band reveals two maxima at
tentia). The width of distributionN(k) nearNpayis charac-  the temperature$=250 K andT=475 K (see Fig. 13 The
terized by the dispersioD(q)=XN(k)N(k+a)=(N)%. At inverse value 1f, in e, band reaches minimum &t
low temperatures the high value arises from the multi- =160 K near the temperature of the transitidn =166 K)
peaks structure dfi(k). At high temperatureB increases as attributed to the rhombohedral deformation of the lattice.

a consequence of the Fermi function broadening on the The resistivity value with uniform distribution of the av-
chemical potential. The filling numbers distribution function erage filling number in subbandg,,d,,,d,, is more than the
N(k) has several maximil. at different wave vectork, ; resistivity of system with one partially filled subband &t
with the same excitation energies. The temperature deper<500 K (Fig. 9. This is in qualitative agreement with the
dencies ofNnha Km Values and the difference of the wave experimental data obtained at heating of tad/InS single

dN(K) dk
sddp=Y —r = Y
Xe HZ= "0k dp & dkm  du
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V=2 and 30 V reproduces a fine structure of the DOS near
the chemical potential.

The DOS of the,q band has two maxima that allow us to

FIG. 11. The distribution function maximum of holes filing understand the origin of the two maxima of the optical ab-
numbers(a) Nmay(k)/Nmai(T1) at wave vectoib) (k, k. k,) in the  sorption spectra ire-MnS at w=2.4 eV andw=2.9 eVv?
range of temperatures 160-245%1K 250-475K2), and They can be ascribed to the single electron transition from
480-700 K3). The difference of waves vectofg) Ak=k;—k,  the sulphur ion to the manganese ion. The line shape of the
corresponding toNpa1(k1) and Niaxa(ko) satisfying to relation  optical absorbtion is presented in FigcBand qualitatively
[1-Nmax2(K2)/Nmax1(k1)]=< 0.005. agrees with the DOS of the, band. The lower band edge

shows the redshif\ W"e°Y~0.01 eV AWS*Pe'~0.03 eV at

crystal as shown in Fig. 1. The temperature hystere§is  temperature increase from 168 to 300 K.
observed fora-MnS (Fig. 1) should be caused by the con- The location of the charges on the fixed orbitals gives rise
servation of charge ordering corresponding to rhombohedrdp the orbital ordering with the wave vecto@, closely
deformation of the lattice at the temperatures abdye related to the wave vector corresponding to the maximal
=166 K. We suppose that the single crystal decomposes intéalue ofN,,.(Q). As a result the orbital magnetic moments
degenerate domains witih,=n,n;—0. During cooling form magnetic ordering with magnetic momehf(QEnrg
from T~500 K in magnetic or electric field the single crys- =1/NX, exp(-irQ ﬁ{gX)Lz(r). Using the value ofQ given in
tal is poling. To pass from one state to another it is necessary

to overcome a potential barrier. If an external voltagés 116
applied to the single crystal, carrier tunnelling can be ob- N m,:P,AA‘A
served at the chemical potential surface. The density of states £ ; 112
(DOS) of the single-hole excitations in the vicinity of the ie"" 5of /.4”% 7 s
chemical potential(u—E)~0.1 eV can be determined by T SlF OEx 4 ]
voltage differentiation of currerd!/dV: = \ : L 4 4
1
diav | d J o—ME'AA— 2 Evj 0
1/dV o f_x wg(w)g(e\/)f(w—e\Aocg(e\/). (10 b0 200 660
T(K)

Figure 2 presents the experimental ddtadV, which well
agree with the estimateglw) dependence. The small value  FIG. 13. The inverse value of the charge susceptibility taken
of the negative differential resistivity withir-5% error for ~ from minimal value fort,4(1) andey(2) bands versus temperature.
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Fig. 10 at low temperatures, we obtain good agreement witichange of the magnetizatidirig. 3) versus temperature at
experimental data. For simplicity the temperature depenheating and cooling in the small magnetic field is explained
dence ofL* is calculated in terms of the Brillioun function by conservation of the degeneration of the holes,jnsub-
with the orbital spinL=1. The measured and calculated val- bands. At the cooling in the magnetic field from temperature
ues of the spontaneous magnetization are shown in Fig. 3.>250 K this degeneration is lifted and holes occupy the
The minimum in the inverse value of the charge susceptibilstate with the orbital moment directed along the external

ity at T~250 K correlates with the small deviatian®(T)
from estimated temperature dependent¥T).

The charge ordering induces the local deformation of th
lattice and leads to the lowering of the local crystal symme

try that can be observed from the electron paramagnetic res

nance data. The axial and rhombic terms of the single io
anisotropyD and E are determined from the temperature
dependence offf,. using the general formula for the reso-
nance shift due to the crystal field. The expression for th
effectiveg value forH,, applied along one of the crystallo-
graphic axes was obtained in Ref. 10:

(T) o]+
T-Tew

eff
Yac

ga,c

[(3(-1) £3(1+sin(2y)],
(11)

where Ty is the Curie-Weis§CW) temperaturel=E/D
and y is the rotation angle of the MpSoctahedra. AtT
>200 K the CW law of the magnetic susceptibility is satis-
fied and the data are described by this appraackid lines

in Fig. 5, whereTgy was kept fixed at 475 K, the rotation
angley=0,D=0.406) K, E/D is the ratio/=0.0185), and
the g values areg;o=1.9928),0;001=1.9844). Our result
agrees with thé=0.34 K value determined from antiferro-
magnetic resonantewhere the gap in the magnon excita-
tion spectrum ak=0 was found to be equal t3.28 cm™.
The orbital ordering gives rise to the nonlinear behayidr)

magnetic field.

e V. CONCLUSION

_ The total conductivity of MnS is the result of motion of
Euoles in thegy andt,y bands. The holes in the, band are
responsible for the temperature-independent behavior of con-
ductivity at low temperature$ <Ty. The sharp decrease of
éhe resistivity atT>200 K is caused by the thermal activa-
tion of the holes in the degeneratg band. The nonlinear
behavior ofp(1/T) at T>350 K and temperature hysteresis
of the conductivity atT<500 K arise from partial lifting
degeneration of the holes i, subbands observed at
250 K<T<475 K. The filling of two t,y subbands afl
=475 K, one of threg,, subbands at =250 K, and one of
two ey subbands al =160 K induces the charge instability
due to the competition between the on-site Coulomb interac-
tion of the holes in the different orbitals and small hybrid-
ization of the subbands.

The localization of the charges in certain orbitals causes
the orbital moment ordering and leads to the weak ferromag-
netism and to the anisotropy of tlgevalues.

ACKNOWLEDGMENTS

We thanks Professor S. G. Ovchinikov for useful discus-
sions. This work was supported by the Russian Basic Re-
search Foundation(REEI-BRFFI, Project No. 04-02-

in small magnetic fields. The effect of the strong irreversible81018Bel2004.

*Electronic address: apl@iph.krasn.ru

IM. B. Salamon and Marcelo Jaime, Rev. Mod. Phy8, 583
(2001).

2J). S. Zhou and J. B. Goodenough, Phys. Rev6® 144406
(2003.

3G. A. Petrakovskii, L. I. Ryabinkina, G. M. Abramova, A. D.
Balaev, D. A. Balaev, and A. F. Bovina, Pis'ma Zh. Eksp. Teor.
Fiz. 72, 99 (2000.

4L. I. Ryabinkina, G. M. Abramova, O. B. Romanova, N. I.
Kiselev, D. A. \elikanov, and A. F. Bovina, Proceeding of the
Second International Symposium, Big Sochi, Russia, OMA-II,
72 (2002.

39, 833(1978.

6R. Tappero, P. Wolfers, and A. Lichanot, Chem. Phys. L8285,
449 (20017).

“Yu. A. Izyumov and Yu. N. Skryabin, UFNL71, 121 (2001).

8. Solovyev, N. Hamada, and K. Terakura, Phys. Re\6B 7158
(1996.

°0. B. Romanova, G. M. Abramova, L. |. Ryabinkina, and V. V.
Markov, Phys. Met. Metallogr93, 85 (2002.

103, Deisenhofer, B. I. Kochelaev, E. Shilova, A. M. Balbashov, A.
Loidl, and H. A. Krug von Nidda, Phys. Rev. B8, 214427
(2003.

11C. H. Perry, E. Anastassakis, and J. Sokoloff, Indian J. Pure Appl.

5H. H. Heikens, C. F. Bruggen, and C. Haas, J. Phys. Chem. Solids Phys. 9, 930(1972).

125204-8



