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New Mechanism off- f Exchange Interactions Controlled by Fermi Level Position
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Magnetic properties ofSn;_,Gd,Te semimagnetic semiconductor reveal a strong dependence
of antiferromagnetic exchange coupling between Gd spins on the concentration of carriers. We
present a model explaining consistently both magnetic and transport properties of SnGdTe as caused
by the resonant adjustment of the energy level of &Gtl electron states and the Fermi level.
[S0031-9007(96)01448-2]

PACS numbers: 75.20.Ck, 75.30.Et

The mixed crystals o8n,-,Gd,Te belong to the fam- Our primary motivation for the present work was to
ily of semimagnetic (diluted magnetic) semiconductorsverify experimentally whether conducting carriers play a
[1,2] and form a diluted magnetic semimetallic system.role in the magnetic properties 6h,-,Gd,Te. We ex-
Our work is devoted to the analysis of correlations be{pected that, due to the strong localizatiordgforbitals of
tween the magnetic and transport properties of SnGdTésd, the RKKY mechanism involving the free carriers will
In previous studies of SnGdTe [3-5], Gd was found tobe much weaker than in the relatgn, —, Mn, Te crystals,
substituteSn?" ions in the rock-salt lattice of SnTe as where it is the dominantférromagnetiy interaction. We
Gd3* ion being an electrically active (donor) center pos-will show that, by changing the concentration of carriers,
sessing theS = 7/2 well localized magnetic moment due one can change the strength of Gd-&utiferromagnetic
to 417 electrons. The SnTe matrix is a strongly degen-exchange coupling by almost an order of magnitude. This
erated/V-VI semiconductor with a narrow energy gap.and other experimental findings will be explained based
The characteristic property of SnTe is a very high con-on the new model of Gd ion in SnTe matrix. The theo-
centration of Sn vacancies. These vacancies are knownetical analysis of thg-f exchange interaction performed
to be the acceptor centers with zero activation energy [6]in the frame of this model shows that the carrier concen-
It leads to high, temperature independgntype conduc- tration dependence of the magnetic properties of SnGdTe
tivity with the conducting hole concentratioip) of the is, most probably, due to the new mechanism proceeding
order of 102°-10?! cm 3. There exists a possibility to via intraion4f-5d exchange interaction followed by the
control the number of Sn vacancies (i.e., the concentratioimterion 5d-5d coupling mediated by free carriers or an-
of carriers) by an isothermal annealing. For carrier conion orbitals. The enhancement of the interspin coupling
centrationsp = 2 X 10%° cm 3, two valence bands are is a result of the Fermi level controlled populationsaf!
populated: the band of light holes located at thpoint of  orbital of Gd.
the Brillouin zone and the band of heavy holes located at The SnGdTe samples studied by us were grown by the
the X, point of the Brillouin zone and shifted down from Bridgman method. The crystal structure and the chemical
the top of theL band by about 0.18 eV. The density of composition were examined by x-ray Debye method and
states effective mass is about a factor of 20 larger for théy electron microprobe analysis. The crystals have the
3 band as compared to tHeband. rock-salt structure and consist of small monocrystalline

SnTe is diamagnetic even for the highest carrietblocks. To change the concentration of carriers some of
concentrations encountered, i.ep, =2 X 10’ cm 3.  the samples were annealed. The magnetic properties of
The crystals ofSn;-,Gd,Te are Curie-Weiss paramag- SnGdTe were studied by SQUID magnetometer (magne-
nets [3—5]. The weak antiferromagneticf exchange tization), by mutual inductance bridge (ac magnetic sus-
coupling was observed with the nearest-neighbors exeeptibility y), and by electron paramagnetic resonance
change integral of the order ofss(R,,) = —0.5 K.  spectrometer. The Hall effect and the electric conductiv-
No carrier concentration dependence of magnetidgty were measured by dc technique.
properties was reported. The magnetic properties of The typical temperature dependence ofy for
Sn,-,Gd, Te are in drastic contrast to the magnetic prop-SnGdTe is presented in the inset in Fig. 1 (the sample
erties of related, transition-metal-base$h;-,Mn,Te  with p = 5.6 X 10 cm3). The standard Curie-Weiss
and Pb;-,—,Sn,Mn,Te systems. In those crystals behavior is observed as expected for the system of weakly
the carrier concentration induced ferromagnetic andnteracting local spins. The negative sign of the para-
spin-glass transitions are observed as a result of thmagnetic Curie temperatur@®) indicates the presence
Ruderman-Kittel-Kasuya-Yosida (RKKY) indirect ex- of antiferromagnetic spin-spin couplings. This type of
change interaction via spin polarization of conductingbehavior is observed for all the SnGdTe crystals with
carriers [1,2,7-9]. x > 0.05 as well as for samples with < 0.05 and with
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50— T T T T T T T types of behavior. The first one, observed also in early
I L AARARRAARRARARE 1 studies of SnGdTe and characterized by quite weak an-
| tiferromagnetic interspin interactions, is observed in all
] samples withx > 0.05 and in samples witkk < 0.05 and
p >3 X 10® cm 3. The second one, observed for the
first time by us and characterized by much stronger anti-
] ferromagnetic interactions, is found only in crystals with
. x <0.05andp = (3 = 0.5) X 102 cm™3. The pres-
1 ence of relatively strong antiferromagnetic interactions evi-
47 denced in our experiments as a large negative valu@ of
l was confirmed in the measurements of high field magne-
tization. It is also consistent with the experimental ob-
servation of a cusp on the temperature dependenge of
] found in the samples with = (3 = 0.5) X 10 ¢cm 3
4 andx < 0.05at7 = 1.8 K.
The measurements of transport properties of SnGdTe
05 ¢ ® 12008 ha\{e also revealed the strong influence of carrie_r concen-
I A x~0.057 tration. In the very same samples of SnGdTe in which
O e T e o 1 1 1o the large® is observed, the carrier mobilities show an
p (10%cm®) increase by a factor of 5 (_see Fig. 2). No such_ increase
is observed for samples with > 0.05. Also, despite the
FIG. 1. The carrier concentration dependence of normalizegrresence of up to 9 at. % (i.e., abduf X 10*' cm3) of
paramagnetic Curie temperatudg/x. Triangles: the behavior assumed donor centers, all the studied samples of SnGdTe

of crystals withx > 0.05. Dots: the result for samples with ; i ]
x < 0.05. The inset presents the temperature dependenc%hOW metallicp type conductivity. Moreover, the numer

of the inverse magnetic susceptibility of two samples ofOUS annealing processesSfo ossGdo.os Te Performed n
SngossGdoossTe With different carrier concentrations. order to reduced the number of acceptorlike Sn vacancies
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large carrier concentrations. For samples with lower Gd B0
content,x < 0.05, andp = (3 = 0.5) X 10 cm 3 the \
substantial increase of the absolute value of paramagnetic i) a ;
Curie temperature is observed (see Fig. 1). The pair p
of samples presented in the inset in Fig. 1 is, in fact,
the same sample before and after the annealing during
which the concentration of carriers was reduced from
p=56%xX10"cm™3 to p=3Xx102cm 3. The
Curie constant, measured by the slope of phe!(T)
plot, does not depend on the annealing process. It
indicates that, most probably, Gd concentration does not
change during annealing. The very same technological
procedure applied to the crystals with> 0.05 results in
a significantly smaller change 6. %
The dependence gF f exchange interactions on carrier | &
concentration is presented in Fig. 1 for the param@tér . T
which is related to the exchange integrBig(R) by the ex- - ﬁf’]
pressionkz® /x = (2/3)S(S + 1)2z;177(R;), where the o a5
sum runs through all the magnetic neighbars One m E
can notice that the difference in the value @f/x for ! T} =
different SnGdTe samples can be as large as a factor of p{10~" em )
9. The strong enhancement of the antiferromagnetic ing|G. 2. The carrier concentration dependence of the hole
terspin coupling is observed for samples with< 0.05  mobility for Sn,_,Gd, Te with x = 0.045 (triangles) and with
only. The effect for samples with > 0.05 is much less x = 0.057 (circles). The open symbols show the data at
pronounced. The experimental findings mentioned abmzf = 4.2 K, whereas the full symbols show the dataZat=

L . 7 K. The inset presents the scheme of the band structure of
were verified for about 20 samples of SnGdTe in the G ni_.Gd,Te with x < 0.05. With the increasing Gd content,

concentration rang®.03 = x = 0.07. Our experimen- the E, electron level shifts up with respect to the top of the
tal results clearly indicate the existence of two differentvalence band leaving the band of heavy holesxfer 0.05.

Gy

Energy

50D _ bk

m«l_\}l}& e

— =5 Erermi
400 &

L)

density-nf-states

pglem’/Vs)

B [T+
(=] (=
(=] =

=
=]

- * O

3448



VOLUME 77, NUMBER 16 PHYSICAL REVIEW LETTERS 14 ©TOBER 1996

have resulted in approximately the same hole concentrand superexchange coupling can be effective for pairs
tion p = (3 = 0.5) X 10*° cm 3. of Gd spins located as nearest, as well as next-nearest
All the experimental results presented above contradianagnetic neighbors4(6 A and 6.3 A, respectively). No
the idea of Gd ions being, in SnTe matrix, always’*  considerable direct overlap betweéd orbitals of two
donor centers with thef-f superexchange interaction Gd ions located at the mean distance (abd@tA in
governing the interspin coupling. Our results provide theour samples) is expected. Consequently, our description
experimental basis for the new model of Gd ion in SnTeis based on the idea of Gfd electron states being
crystal. In our model théf” states of Gd are located deep somewhat broadened but still local in character with
in the valence band, being very well localized and creatingieither 54 nor hybrid 5d-p wide band being formed.
the S = 7/2 magnetic moment of the Gd ions. All the One can, alternatively, view this situation as the case
above mentioned experimental findings can be consistentlyf the very narrow5d-p band being superimposed on
explained assuming that Gd' electron states are located the SnTe valence band states. This idea is supported
at the energy level, (Gd>*/3>* level) about 0.2 eV below by the observed very sharp resonantlike behavior of both
the top of the valence band. It generates a new situatioimterspin coupling and carrier mobility dependence on the
with Gd being in3+ or in 2+ charge state, depending position of the Fermi level. The idea of the two-stage
on the relative position of the Fermi level (governed byinterspin coupling mechanism fdif spins was developed
the concentration of two electrically active centers: Srby Kasuya [13—15] for Eu chalcogenides. In the crystals
vacancies an@d*" ions) and theE, energy level. This of SnGdTe a new two-stage mechanism may be effective.
assumption has been recently verified by the results of thin this mechanism th&d spins are coupled by delocalized
photoemission experiments [10]. The density of statesarriers from the valence band of SnGdTe. The Kasuya
related to4f7 energy states was found 9.5 eV belowmodel was developed for semi-insulating crystals and
the top of theL valence band, whereas the extra (ininvolves only local atomiclike orbitals of anions.
respect to SnTe) density of states observed just below Calculations of the two-stage mechanism with the free
the top of the valence band was interpreted as related toarriers mediating théd-5d coupling give the interspin
5d electron states. The scheme of the band structure @xchange interaction which, in the limit of large interspin
SnGdTe is presented in the inset in Fig. 2. The density oflistancegR) and the Fermi level below thg, level, is
states presented in this figure and relatedftb electrons  described by the formula
corresponds to the lower (spin-up) part of the total density -
of states. The spin-down half of it is located in the o(R) ~ Vpakr  co92krR) )
conduction band. The density of states assigned in this 71 (EFp — Ep)? R3 ’
model to5d electron states represents only the lowest
level. This orbital may be empty (corresponding to thewherem™ is the effective mass of carrierky is the Fermi
usual case oftf75d°, Gd** configuration) or occupied wave vector, and,, describes the hybridization between
by just one electron (the case @fd>" with 4f75d! 54 and valence band states. The theory based on the
configuration). above simple model gives the correct sign of the para-
The experimental results presented in this paper havemagnetic Curie temperature and qualitatively describes its
simple interpretation in the frame of our model. Becausechanges with the shift of the Fermi level, provided that we
of the strong localization of thdf orbitals, the usual are notin very resonant conditions. Unfortunately, it fails
superexchange interaction via the orbitals of interveningvhen Er = E,. This, probably, is due to the fact that
anions is expected to be weak, as observed in othehe calculations for the resonant situation require much
Gd- and Eu-based semimagnetic semiconductors [3more precise knowledge of the band structure and the hy-
Also, the RKKY mechanism due to the-f exchange bridization elements. In our calculations we assumed the
coupling betweens electrons and conducting holes is simplest model of the parabolic band akdndependent
quite weak because the f exchange integrals are known matrix elementd/,,,.
to be very small due, again, to the very localized The composition dependence of interspin exchange
character of4f orbitals [11,12]. Furthermore, for the interactions in SnGdTe is, in our model, the consequence
band structure parameters of SnTe, the RKKY interactiorof the composition evolution of the band structure of
is expected to be ferromagnetic, as $m;_,Mn,Te. SnGdTe. It is known that, iiV-VI semiconductors with
There, however, the other indirect mechanisms mayu and Gd, the energy gap depends on the composition
operate, coupling th¢ spins. They consist of two steps: with the rate of abouWE,/dx = 40 meV/at. % [11].
the intraion4f-5d exchange interaction and the interion Similar dependence is expected for the shift of the top
5d-5d coupling which may be of both direct and indirect of the valence band with respect to the position of the
origin. The first step is known from free ion data, E, level. In such a case, one may expect that, for
I;s = 0.125 eV. The second step is also expected tosamples with high enough composition of Gd, thg
be effective because of the considerably less localizednergy level will be shifted up and located in tie
character of5d orbitals. We expect that both direct band (above the, band). Because of the low density
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of states in thel band, the mechanism described abovehas to take into account that this situation corresponds to
will be strongly reduced. For this mechanism to be fullythe case of most of Gd ions being in neuttat charge
effective in SnGdTe, one requires the following: Thestate forx = 0.045 (Er = E,) and all of them being in
Fermi level must be located very close to thg level electrically active3+ state for samples withh = 0.057
being, simultaneously, in th& band with high density (Er belowEy). TheGd?* ions are expected to be much
of states effective mass. The analysis of the electromore efficient scattering centers th@d?* ions for two
transport measurements presented below shows that theasons. First, the electrically acti@el** ions contribute
E, level crosses the top of th& band atx = 0.05. to the scattering via their Coulomb potential absent for
Therefore, the conditions discussed above can be fulfilledeutralGd>* ions. Second, the charged ion is expected
only for samples withx < 0.05 and with proper carrier to influence the local order in the matrix stronger than the
concentration. For the samples with> 0.05 we observe neutral one. That results in a larger cross section for the
the maximum on thé /x vs p dependence which is due scattering by core potential.
to the contributions from the heavy and the light hole In conclusion, we have presented the experimental evi-
band. Since th& level is forx > 0.05 located above the dence and the theoretical analysis of the Fermi level po-
top of the heavy hole band, the resonabBge= E, can be sition dependence of the antiferromagneti¢’ exchange
obtained for light holes only producing the much weakerinteractions irSn;—, Gd, Te semimagnetic semiconductor.
coupling due to the low density of states in this band.Our interpretation of this new effect is based on the model
The heavy hole contribution is, in this case, nonresonamf the two-stage indiredt- f coupling viaf-d intraion and
and switches off forp < (2 — 3) X 102 cm 3. With  d-d interion coupling via valence band electrons. Both the
the Fermi energy approaching from below tBg level  strong increase of the spin-spin antiferromagnetic interac-
we expect all three mechanisms f6e-5d interaction tions and the unusual transport properties of SnGdTe have
(i.e., direct, superexchange, and indirect coupling via fredeen consistently explained based on the new model of the
carriers) to be resonantly enhanced, as they all depend @d ion in SnTe locating the Gfld' electron states close
the population of théd orbital. The strong composition to the Fermi level of SnGdTe. The main mechanism for
dependence of the exchange coupling, which can bthe observed effects is the Fermi level position controlled
explained in terms of the evolution of the band structurepopulation of Gdd orbitals.
of SnGdTe, indicates the relative importance of the band This work was supported in part by a KBN grant under
structure sensitive mechanism with the indiréet-5¢  Project No. Nr 2 PO3B 103 08.
coupling via free carriers.
The lack ofn type conductivity is the consequence of
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