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d-d exchange interactions in narrow-gap diluted magnetic semiconductors:
The case of Hg_,Co,S
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The magnetic properties of zincblende HgCa, S, wherex=0.024 andx=0.044 were investigated. The
magnetic susceptibility was measured in the temperature range from 1.8 K to 300 K. The magnetization studies
were performed in magnetic fields up to 50 kOe at two temperatures: 1.8 K and 3.0 K. The standard analysis
of high-temperature susceptibility gave the value of effective exchange codgtant—42 K5 K which
implies the nearest-neighbor interaction strengffy=—31 K+ 4 K. The simultaneous description of the
magnetic susceptibility and magnetization data in extended nearest-neighbor pair approximation with the
interaction strengtldyy as the only fitting parameter leads to the valyg=—33 K+1/—2 K. It was also
proved that the radial decay of the long-range exchange interaction for more distant neighbors is proportional
to R™5. This finding seems to be an intrinsic characteristic for narrow-gap diluted magnetic semiconductors.
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[. INTRODUCTION power-law decay describing the radial dependence of the ex-
change integral in 1I-VI narrow-gap DMS. Due to the low
Diluted magnetic semiconductof®MS) are mixed crys- solubility limit of cobalt in mercury chalcogenides, this
tals in which part of the cation sublattice is randomly substi-group of narrow-gap 1I-VI DMS has been obtained in the
tuted by transition-metal ions. The properties of such mate1990s and even today their properties are not well known
rials have attracted much scientific interest over the last threend understood. Magnetic properties of;HgCo,Se crystals
decades and many review papers have been devoted to thiiave already been investigat¥d:! However, because of the
topic (see, e.g., Refs. 1 and.2n particular, the magnetic presence of Co-related ferromagnetic precipitates evidenced
properties of DMS are of special importance because thein Refs. 10,12, and 13 as well as of Co-related ionic clusters
strongly influence the electrical and optical properties ofreported in Refs. 14 and 15 all numerical data concerning the
crystals under consideration. Initially, these studies concenco?®*-Co** exchange interaction in this DMS should be
trated on DMS containing Mn because of its high solubility treated with caution. Under these circumstances, there exists
in 1I-VlI compounds. DMS systems containing other transi-a clear need of new experimental data for another narrow-
tion metals like F&" or C" ions have been successfully gap 1I-VI DMS containing Co, particularly if it is a pure
synthesized later. Magnetic properties of wide-gap semicoreincblende single-phase material.
ductors containing Co were summarized in several review  The goal of the present work was to study thel inter-
papers > actions between magnetic impurities within the framework
An interesting problem concerning the nature of the ex-of the extended nearest-neighbor pair approximatigN-
change interaction between magnetic ions in narrow-gapPA). Details of this model will be discussed lat&ec. I)).
[I-VI DMS is its particular distance dependence. This ex-For this study we used Hg,CoS mixed crystals which
change is mediated by the virtual electron-hole pair excitafulfill all the requirements above mentioned.
tions in the energy band and it has a non-Heisenberg fdrm.  The zincblende phase of mercury sulphig&HgS) is a
According to theoretical predictioh$ the decrease of ex- metastable modification of this compound. Together with
change integrald; with an increasing distandg; could be  HgTe and HgSe it belongs to the family of zero-gap mercury
described in such case by the power-law decay in the fornehalcogenides. For these semimetals Feand I'g levels
Ji(R)xR/ ", wherei=1,2,3... andn=5. The available show an inverted ordering which results in the inverted band
experimental data confirm these predictions. However, alstructure at the center of the Brillouin zone with a negative
these data were taken on Mn-based mixed crystals onlyalue of the energy gap defined Bg=E(I'g) —E(I'g). De-
(Refs. 8 and 9 for Hg ,Mn,Te, Hg_,MnSe, and tails of the band structure of3-HgS are discussed
Hg,_,Mn,S, respectively The question that arises is elsewheré®
whether the decay correspondingrte:5 is typical for Mn- The addition of selected transition-metal atoms into the
based II-VI narrow-gap mixed crystals only or might it be anmercury sulfide corresponding to more than about 0.02 of the
universal law that is fulfilled for all transition-metal ions molar fraction stabilizes the zincblende phase in the resulting
embedded in this matrix. mixed crystals, as it is the case for Mn, Fe, and'€3°
Mercury chalcogenides are an interesting alternative t@\ccording to the present knowledge, the;HgCo,S can be
investigate further the universal validity af=5 in the grown up to the mixed crystal composition equal to at least
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x=0.072° Moreover, possible clustering of Co-related de- 15 ' ' ' ' ' '
fects or creation of magnetic precipitates in this DMS has not
been reported in the literature. Results of x-ray diffraction
studies performed in Ref. 20 did not reveal a presence of
other phases like, e.g., Co-related precipitates or CoS clus-
ters. It should be stressed that CoSe clusters have been ob-
served by the same technique in HgCoSe crystals with

the Co content as low as=0.0113

10|

x" (10° g/emu)

Il. MODEL

Each C8" ion is surrounded by four% ions, in the 0l - - ~ - -
axions forming a regular tetrahedron. The freé Cmn pos- 70 0 70 140 210 280 330
sess a @8’ configuration leading to 4F ground state with T (K)
nonvanishing orbital momentunsE 3/2, L=3). The split- ) ) -
ting of this atomic term induced by the crystal field and the_ G- 1. High-temperature dependence of the inverse susceptibil-
spin-orbit interaction results in a high energy separation bely: SYmbols, experimental data; solid lines, linear fit in high-

tween the ground and the first excited state equal to approx}Ee mperature region.

mately 5000 K. Thus, at any experimentally accessible tem- _ .. . . : .

. artition function permits to determine directly all the ther-
perature the excited states cannot be populated. Due to t R odvnamic broperties of the material
fact, the magnetic properties of Co-based DMS are governe'an y prop '
by the ground state which is the orbital singlet and the spin
quartet “Ayy. As it has been shown previousigee, e.g., IIl. EXPERIMENT

Refs. 4 and the spin moment only equal §=3/2 allows The crystals investigated in the present work were grown
an adequate description of the system. Within this approachy ihe |nstitute of Physics of the Polish Academy of Sciences
the only influence due to the neglected excited states manjn \narsaw by the modified Bridgman method. Details of the
fests in the deviation of thg factor from its free-ion value crystal growth are presented elsewht® Two ingots of
(922_'2,34)' i L _ . nominal compositiorx=0.02 and 0.04 were prepared using
Within the mean-field approximation and for the high- e pinary compounds HgS and CoS in respective molar
temperature regime the static magnetic susceptibility can bg,ctions. The crystals quality were checked by x-ray diffrac-

expressed in the form of the Curie-Weiss I&w: tion, scanning electron microscopy SEM microprobe, and by
_ the energy-dispersive x-ray fluorescen@DXRF). The
x=C0)/(T=6x), @ mixed crystal composition determined using Vegard's law

_ ; ; for various parts of the ingots does not differ from the nomi-
where C(x) =Np, X 25(S+1)/[3kgm(x)] is the Curie ;
constan'f (\)|Av isAAv(oggIL;I(Bj)ro’s( num?agrg iz trge)glo Landdac-  nal one by more than 20%hese differences are due to the

tor, ug is the Bohr magnetors is the total spinkg is the cﬂemlcalf tsr:agregatu)n However,lf.(cj)ther ;t)r?ase@mdnabart |
Boltzmann constant, anai(x) is the molar magsand® is phase of the pure mercury suffidé or tne mixed crystals

the Curie-Weiss temperature for the hypothetical CoS in th@nd/ or cobaIt-reI_ated premp_nates like, e.g., .CO.S') diave
zinchlende phase. The Curie-Weiss temperature is given b ot been found in all investigated crystals within the detec-

the infinite series of exchange integrdls for pairs of vth on limit of the applied characterlza_ltmn teChU'q_‘_’es-
neighbors weighted by, , the number of cations on theh Measurements of the dc magnetic susceptibility were car-

coordination sphere around a chosen central ion: r|_ed out using a superconduqtmg guantum interference de-
vice (SQUID) magnetometer in the temperature range 1.8

> K—300 K in the presence of low external magnetic field. The
Op=—=S(S+ 1)2 J,z,/Kg. 2) magnetization data were collected in magnetic fields up to 50
3 v kOe at two temperatures: 1.8 K and 3.0 K. The diamagnetic
contributiort® for HgS in the zincblende phasg{=—3.2
Co-based DMS can be treated as a random system of10~7 emu/g) was subtracted from the susceptibility and
localized magnetic moments, coupled by the long-range exmagnetization data.
change interactions. Thus, the magnetic properties of the sys-
tem can be calculated using the ENNPA model. In this model
the partition function is factorized into separate contributions
of interacting pairs of momenf2222Each pair is formed The results of the inverse magnetic susceptibility of two
between a central fixed ion and another ion distributed on #g, ,Co,S samples versus temperature are shown in Fig. 1.
given coordination sphere. Both ions interact according torhe nominal mixed crystal compositions were equalxto
the power lawJ,=Jy/R). Moreover, not only pairs but =0.02 andx=0.04. Open squares and open circles corre-
also open triangles can be easily incorporated into thispond to the experimental data, while solid lines represent
model. The appropriate Hamiltonians for the above-the linear fit to these data in the high-temperature range from
mentioned systems can be found in Ref. 24. The calculate@i20 K to 300 K. This fit unambiguously evidences an anti-

IV. RESULTS AND DISCUSSION
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FIG. 2. Curie-Weiss temperature versus cobalt molar fraction.

ferromagnetic character of the exchange interaction between
Co ions (negative Curie-Weiss temperaturdhis is also a
direct proof that our samples do not contain ferromagnetic
inclusions(a presence of ferromagnetic precipitates leads to
the positive Curie temperature in the case of, Hg o,Se
crystals, as it has been demonstrated in Ref. 10

From the linear fit to Hg ,CoS data in the high-
temperature range in Fig. 1 the value of the Curie constant 0.0 . . . . .
and Curie-Weiss temperature were determined. The sample 0 10 20 30 40 50 60
compositions obtained from Curie constant were equa to H (kOe)
=0.024 andk=0.044, respectively. These values are used as
a real mixed crystal compositions along the paper.

The dependence of the antiferromagnetic Curie-Weis
temperature on the crystal composition is shown in Fig. 2.
From this linear dependence a value @§=—1246 K for ) o
pure CoS in the hypothetical zincblende phase was obtaine§€ratures is presented also by symbols in Figs. dnd 4b).
Using Jo( in Eq. (2), instead of series expansion, one canT_he solid lines in both flgurgs correqund to the results of
obtain an upper estimate of the effective nearest-neighbo?'mUItaneous least squares fit of theoretical curves to the data

interaction strength ag, ;= —42 K+5 K. On the other Performed within the ENNPA model. _

hand, when summation in Eq2) is performed up to 20 When the fit was performed withyy andn as variables

coordination spheres, one gelg,= — 31 K+4 K. the following limits for these value were obtained:35 K
The temperature dependence of measured magnetic susJInn<—32 K, 4.96<n<5.03. The last finding provides a

ceptibility is shown in Fig. 3 by symbols. The magnetic field 'eémarkably high accuracy to the value of the power-law ex-

dependence of the experimental magnetization at two ter?ON€Ntn=5 theoretically predicted previously. It should
be also pointed out that the value of determined for

zinchlende Hg_ ,Co,S from ENNPA model is exactly the
same as that corresponding to Mn impurity in all the three
T mercury chalcogenidés> It means that the exchange inter-
o x=0.024 actions between Co and between Mn ions in these materials
o x=0.044 are governed by the same mechanism, proposed in Refs. 6
T and 7. One can state then that the radial dependence of the
exchange interaction strength behaves according to the
power law with the exponenh=5 and this is a general
property for narrow-gap DMS. It is worth mentioning that in
the case of the Mn-based wide-gap DMS this exponent in-
e T P T AP ferred from experimental ddtaas well as theoretically

o 2o 140 210 280 350 predicted equals at least 6.8 or is even higher.

The comparison between the exchange integrals for Mn-
based and Co-based wide-gap 1I-VI DR1&%>~28 showed

FIG. 3. Temperature dependence of the susceptibility for twothat theJyy exchange integral is from three to four times
samples of Hg ,CaS. Solid lines indicate theoretical results greater in the case of mixed crystals containing Co. The
within the ENNPA model Jyy= — 33 K andn=5); symbols indi- same ratio was obtained from the comparison of the present
cate experimental data. result for Jyy with the appropriate value for Hg,Mn,S.°

M (emu/g)

FIG. 4. Magnetization of Hg ,Co,S g x=0.024 , h x=0.044.
olid lines indicate theoretical results within the ENNPA model
Jun=—33 K andn=5), symbols — experimental data.
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This is an additional evidence of much stronger antiferrofor both Mn and Co ions, which may indicate that it is in-

magnetic coupling between Co ions than that between Mirinsic characteristics of narrow gap DMS'’s.
ions.
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