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Magnetic properties of a layered and anisotropic rhombohedral compound: Bi,;_,,Gd,, Te;
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The paramagnetic resonance absorption spectra of Biy; —,,Gd,, Te; grown by the Bridgman technique
have been measured at room temperature. The magnetization measurements have been performed in
magnetic-field intensities up to 65 kOe at temperatures of 1.8, 4.2, 16, and 25 K. The EPR data show
that the Gd** site has a C, symmetry, indicating a true substitution of Bi** atoms by Gd**. The curve
fitting of the magnetic-field dependence of the magnetization has been performed using a Brillouin func-
tion representing isolated magnetic ions. An extra term was introduced to represent the contribution of
the pairs. The results indicate a weak antiferromagnetic coupling between the Gd** ions. This is similar
to the one found in the case of Pb,_,Gd,Te. The bond lengths as well as the bond angles in the case of
Biy(; - Gd,, Te; and Pb,_,Gd, Te are compared. The similarity of the Jp/kp values (—0.5 K) in the
two systems is explained in terms of superexchange interaction via anions between Gd**.

I. INTRODUCTION

To date, the dilute magnetic semiconductors (DMS)
have been prepared using II-VI and IV-VI materials. In
I1I-VI compounds, extensive studies have been performed
using Mn magnetic ions;! ~* however, some investigations
have been carried out with Fe and Co.>”® On the other
hand, little work has been done in the case of IV-VI com-
pounds using transition metals and rare earths as magnet-
ic ions.!°"12 This paper describes the study of another
DMS family, Biy(, ,)Gd,, Te;. Solid solutions in bismuth
telluride Bi,Te; represent an important group of semicon-
ductor materials, for applications in thermoelectric de-
vices. The host crystal Bi,Te; is a semiconductor with an
indirect band gap, E;~0.15 eV. Its band structure is
rather complex. For example, Ure'® suggested the ex-
istence of double valence and double conduction bands.
Furthermore according to Von Middendroff and Land-
wehr,!* the second valence band is 15 meV below the
upper one. The presence of two minima in the conduc-
tion band was also suggested by Mallinson et al.!® Bi,Te,
has a rhombohedral unit cell containing three molecules.
Bi,Te, belongs to the R3m point group and has an aniso-
tropic layer structure.'® The characteristic cleavage
planes are the result of the shorter interlayer bond
lengths between the Te atoms, when compared to the in-
tralayer ones. In effect, this anisotropic structure can be
seen as a superposition of complex layers—called
quintets—in a direction perpendicular to a threefold
axis. Each quintet is composed of five layers and each
layer consists of identical atoms forming a hexagonal lat-
tice plane. The schematic crystal structure is illustrated
in Fig. 1. The layers alternate in the following sequence:
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Te')-Bi-Te'?-Bi-Te'! .

Thus a bismuth atom has three Te'! nearest neighbors
with a Te''-Bi bond length of 3.065 A and three Te'?
atoms as next nearest neighbors sandwiching the bismuth
planes, with a Te'?-Bi bond length of 3.246 A.!7 It is in-
teresting to mention that the Gd,Te; is orthorhombic as
well, with the following crystallographic characteristics:
a=11.98 A, b=11.75 A, and c=4.29 A. The structure
consists of zigzag chains—Gd-Te-Gd—oriented along
the c axis. Several questions are posed on the position of
Gd ions when it is diluted in the host crystal Bi,Te;. The
first question is the position of Gd within the host. As a
result, how is the magnetic exchange affected in terms of
indirect exchange between the Gd ions? Consequently, in
case of Gd acting as a donor, one could have a RKKY
interaction; on the other hand, if it is neutral, one could
have a superexchange interaction.

II. EXPERIMENTAL RESULTS
AND INTERPRETATION

The Biy,—,)Gd,, Te; alloys, with 0<x <1, have been
prepared by melting its elements. The former alloys were
annealed for about fifteen days. Their composition is
then verified by x-ray powder diffraction. The solid solu-
tion takes place in a very short composition range, not
more than 5% atomic. Single crystals were prepared us-
ing the Bridgman technique. Two ingots were grown, the
starting elemental composition being 1 and 5 mol % of
Gd. The single resulting crystals were 50-60 mm long
and 10 mm in diameter and could easily be cleaved. The
trigonal ¢ axis was perpendicular to the pulling direction;
thus, the (0001) plane was parallel to the growth direc-
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tion. The orientation of the cleavage faces were verified
by x-ray diffraction. The hexagonal lattice parameters of
the highest concentration of Gd powdered sample were
a=4.39+0.01 A and ¢=30.63+0.04 A indicating a lat-
tice volume (512 A*) slightly bigger than that of
Bi,Tey’s composition (a =4.386 A; ¢=30.497 A, and
V=508 A%).

The two ingots A and B, at room temperature, were p
type with carrier concentrations of p=2X%X10" cm~?,
with a carrier mobility of £=200 cm?/V s and the See-
beck coefficient of S =200 uV/K. A pure Bi,Te; grown
under the same conditions had p=1.2X10"® cm™3,
u=250 cm?/V s, § =220 uV/K. The comparison of the
above-mentioned transport properties of the pure Bi,Te,
and its Gd alloys clearly indicates that Gd does not act as
a donor, as usually is the case in the II-VI compounds.

Paramagnetic resonance absorption measurements in
the X band region (9.8 GHz) were carried out at room
temperature, on the two crystals. The trivalent gadolini-
um ion has seven electrons resulting in a half-filled 4f
shell; it also has a %S, ,, ground state. The crystal field

Cubic Cell

FIG. 1. Representation of the crystal structure of Bi,Te,
showing hexagonal cell (Ref. 17).
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can affect its energy levels only through high order in-
teractions; thus, the initial splitting of the S, ,, levels is
expected to be very small. Generally, seven lines can be
observed; they correspond to the transitions in which the
projection of the angular momentum on the symmetry
axis changes by one unit. The spacing between these
transitions, and their variations with the orientation of
the external magnetic field relative to the crystal axis,
provide sufficient information to experimentally verify
the form of the crystal field. The measurements are inter-
preted in terms of a spin Hamiltonian. The spin Hamil-
tonian for zero magnetic field must show the same sym-
metry as the symmetry site of the Gd** ion (i.e., C;,):'?

H=guzBXxS+B09+B0%+Bl02+B%0¢
+Bj0i+Bl0} , (1

where g is the effective Lande factor of the magnetic ion,
W is the Bohr magneton.

The angular spin momentum operators 09, 05, and O
in the above Hamiltonian are considered as simple opera-
tors with the same transformation properties as the cor-
responding spherical harmonics, Y, necessary for the
expression of the C;, crystal field potential. To reduce
the numerical values, it is customary to redefine the con-
stants BY, BY, B, BS, B, and B} in the spin Hamiltonian
as follows:

bY=3BY, b3=60BS, b?
b3=3B}, b;=36B}, bS=1260B . 3)

Strong distortions (dysonian lines) of the signals are ob-
served, even in very small samples; see Fig. 2. This might

B//c axis
T=295K

Intensity (au)

|
25 35 45

Magnetic field (kG)
FIG. 2. Gd*" EPR spectrum in Bi,Te; single crystal at 295

K. Central magnetic field 3.5+1 kG. Microwave frequency 9.8
GHz.
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be due to a large skin effect related to an important elec-
trical conductivity of the material. Independent of the
starting compositions (1 or 5 mol %), the half width of
the line is too large (~80 G) to allow an accurate estima-
tion of their position, and at the same time take into ac-
count second-order corrections. To eliminate certain
asymmetries resulting from the second-order effects, the
values of b9, b3, and b2 were calculated from the spacing
between corresponding lines on either side of the central
line. The values of the spin Hamiltonian parameters de-
duced from our experimental EPR spectra were

g=2.020%0.005 ,
=109X10"%cm™!,

The overall zero field splitting was 0.13 cm ™.

The observed EPR spectrum perpendicular to the axis
(6=90°) is markedly asymmetric due to second-order
effects. Variations in the spectrum have threefold sym-
metry as expected in a site C;,. These results indicate
that Gd** ions is in a substitutional position of the Bi**
ion and there is a high probability of electron-spin in-
teraction. This might explain why Gd>" is not a donor
as in the case of II-VI or IV-VI compounds.

Magnetization measurements were performed with a
squid system, where the magnetic field B varied from 0 to
65 kOe. The results of the two samples 4 and B are de-
picted in Figs. 3 and 4. The magnetic field was applied
along the c axis for sample 4 and along the basis for the
sample B. The experimental magnetization curves were
fitted with a high degree of accuracy by taking into ac-
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FIG. 3. Magnetization curve of Biy_,,Gd,, Te; of sample 4,
as a function of magnetic field at 1.8, 4.2, 16, and 25 K. Sym-
bols: Experimental points. Solid lines: Theoretical curve with
isolated and pair Gd*" ions contribution.

M_ is given by
M, =M_,Sy,B({)
and
M,=gupNo ,

B,({) is a Brillouin function ,

count the isolated magnetic ions contributions, and the 25 +1 2S+1 1
: 19,20 B.(£)= th - £ ,
pair contribution: (8) 25 S s 55 coth 2§
M=M,+M,+x,;B , 4
: p X @ and
M, for single , _ 8upBS
M, for pair, T kgT
Xq for diamagnetic lattice contribution . M, is given by
J
™ Smax Jp mim-+1)
Mp=(1)Myy,{ 3 [(m+L)cosh(m +1)z—Lsinh(m +1)zcoth(1z)]exp = F
m=0 B
m=S§ -1
max J
X | ¥ sinh(m+1)zexp Zpmim+l)
m =0 kB T

and
,— 8188
kBT ’

Here S is the magnetic-ion spin (S =1 for Gd*t), N, is
the number of cation sites per gram, kp is the Boltzmann

constant, T the operating temperature, y;=4.2X107’
emu/g Oe? J, is the pair exchange parameter,
Smax =28, y, and y, are the respective fractional concen-
trations of the magnetic ions in the singles and in the
pairs, and g and ug were defined previously. Usually T is
replaced by T.s=T+T,, where T is a phenomenologi-

cal parameter including the contribution due to the ex-
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FIG. 4. Magnetization curve of Bi,_,)Gd,, Te; of sample B,
as a function of magnetic field at 1.8, 4.2, 16, and 25 K. Sym-
bols: Experimental points. Solid lines: Theoretical curve with
isolated and pair Gd3™ ions contribution.

change from the clusters.?? In our case we used T.z=T,
because the contribution of the pairs is included through
Mp, so the contribution of the other clusters should be
small. On the other hand the value of the saturated mag-
netization for the largest fields is required to determine
Ty, and it is not reached in our case.

However, it is well known that the value of Jp /kg ob-
tained from the three fitting parameters (y,,y,,J,) is
slightly smaller than those obtained from the four fitting
parameters (y,,y,,Jp,Ty). Using three parameters one
obtained an ‘“‘average” of the pair exchange and a smaller
antiferromagnetic exchange parameter. In addition, for
the two samples used the Gd concentration is small; the
weaker the Gd concentration, the weaker the clusters
contribution, other than pairs.” A summary of the
fitting parameters, for the two samples studied, is given in
Tables I and II.

The nearest-neighbor exchange interaction in
Biy,_,Gd,, Te; is antiferromagnetic, with the value of
J,/kg of —0.5 K. This is very similar to the one ob-
tained in Pb,_,Gd,Te (—0.45 K) and Pb,_,Eu,Te
(—0.46 K).»?% From Tables I and II, one can deduce for
the two samples 4 and B that y =y, +y, is about the

TABLE 1. Magnetization curve fitting parameters of
Biy,—,)Gd,, Te; of sample 4, at T from 1.8 to 25 K for a vary-
ing magnetic field of B=0-65 kOe.

T (K) B2 Y2 Jp/kg (K)
1.8 0.0074 0.0025 —0.5
4.2 0.0074 0.0026 —0.5

16 0.0100 0.0 0.0
25 0.0105 0.0 0.0
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TABLE II. Magnetization curve fitting parameters of
Biy(;—x)Gd,, Te; of sample B, at T from 1.8 to 25 K for a varying
magnetic field of B =0-65 kOe.

T (K) » IR J,/ky (K)
1.8 0.0073 0.0028 —0.5
42 0.0073 0.0030 —0.5

16 0.0105 0.0 0.0

25 0.0110 0.0 0.0

same, i.e., around 1%; here y is the total fractional con-
centration of Gd ions, x =y /2 of Bi,;_,)Gd,,Te; since
there is 2 Gd in a molecule of Gd,Te;. These results
agree with the paramagnetic absorption curves which il-
lustrate the same spectra for the two samples. Thus it is
clear that, for these two samples, all of the Gd could not
be introduced into substitutional positions of the crystal.
Assuming a random distribution in a hexagonal lattice,
the y, and y, values can be substantiated by pure statisti-
cal means. We calculated the probability of finding ions
in isolated sites S, or in pairs P, for a structure like
Bi,Te;, which is close packed hexagonal but with a
different number of Bi atoms and Te atoms in an unit
cell, and thus a plane sequence different from usual close
packed hexagonal structures like CdSe (see Fig. 1). One
found that

S=(1—y), (5)
P=3%y(1—y)®. (6)

If we assume that y =1%, and that the random distribu-
tion is stated as expressed above, one then finds

§$=0.94, P=0.04.
Thus
y;=y5=0.0094 , y,=yP=0.0004 .

These results show a large discrepancy between the
values of y, and y, deduced from the curve fitting of the
magnetization and the ones calculated by the above ex-
pression. The expressions (5) and (6) assume implicitly
for the pairs that the exchange interaction is a direct one.

If we assume that the exchange interaction is superex-
change via Te, as in the case of Pb,_,Gd, Te,>*° we can-
not consider two Gd atoms separated by a Te plane as
isolated but they could be in a pair. In that case S and P
are

S=(1—p)—2%y(1—y)"?, ()

169
P=3%y(1—y)*+Zy(1—y)?; 8)

13 169

with the same concentration of Gd, i.e., 1%, one found

§=0.79, P=0.19.

These results are in rather good agreement with the
values deduced from magnetization curve fitting:

S$,=0.71, P,=0.25 for sample 4 ,
Sp=0.67, Pp=0.27 for sample B .
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The small difference could be probably due to the fact
that in the curve fitting the triangles are not included,
and to a light tendency to clusterization with respect to a
pure statistic distribution.

Furthermore, it could be noted that the value of J, /kp
is very similar to that obtained in Pb,_,Gd,Te (—0.45
K) where it has been shown that the superexchange in-
teraction via anion is predominant. In Pb,_ Gd, Te, the
interatomic distance of Pb-Te is 3.225 A, while in
Biy(;_)Gd,, Te;, only a Te? anion can be situated be-
tween two Bi or two Gd ions; the corresponding bond
length of Bi-Te'? is 3.246 A. The angles between the
Pb-Te bonds or Gd-Te bonds in Pb;_,Gd, Te are either
90° or 180°. The 90° nearest-neighbor su(?erexchange in-
teraction is comparable to the 180° one.? The angles be-
tween Bi-Te” bonds or Gd-Te®” bonds in
Biy(,—,)Gd,, Te; differ from the angles in the octahedral
coordination by 4.5°,22* and are, respectively, 94.5° or
85.5°. Then it is not surprising to find the same value of
Jp/kp in these two classes of compound despite their
different structures. It is also interesting to note that the
interaction is antiferromagnetic.

III. CONCLUDING REMARKS

The magnetic properties of Biy;_,)Gd,, Te; were stud-
ied. It has been found that the average exchange interac-
tion between the Gd*>* ions is antiferromagnetic and the
value of J, /kp equal to (—0.5 K). Although the struc-
tures are different, this value is comparable to that of
Pb,_,Gd,Te. Furthermore, the results are consistent
with the predictions of the model of superexchange in-
teraction via anions in these two compounds. This is a
consequence of the cation-anion spacing as well as of the
angle between -cation-anion-cation bonds, which are
about the same. The local symmetry, Cs, of the Gd**
ions, has been deduced from EPR experiments.

ACKNOWLEDGMENTS

Groupe d’Etude des Semiconducteurs and Laboratoire
de Physicochimie des Matériaux Solides are Unités de
Recherche Associée au CNRS Nos. 357 and 407.

ly, Shapira, S. Foner, P. Becla, D. N. Domingues, M. J.
Naughton, and J. S. Brooks, Phys. Rev. B 33, 356 (1986).

2M. Gorska and J. R. Anderson, Phys. Rev. B 38, 9120 (1988).

3). K. Furdyna, J. Appl. Phys. 64, R29 (1988).

4Semimagnetic Semiconductors and Diluted Magnetic Semicon-
ductors, edited by M. Averous and M. Balkanski, Physical
Sciences No. 55 (Plenum, New York, 1991), references includ-
ed.

5A. Lewicki, J. Spalek, and A. Mycielski, Solid State Phys. 20,
2005 (1987).

6A. Twardowski, J. Appl. Phys. 67, 5108 (1990).

7A. Lewicki, A. I. Schindler, I. Miotkowski, and J. K. Furdyna,
Phys. Rev. B 41, 4653 (1990).

8T. Q. Vu, V. Bindilatti, Y. Shapira, E. J. McNiff, Jr., C. C.
Agosta, J. Papp, R. Kershaw, K. Dwigt, and A. Wold, Phys.
Rev. B 46, 11617 (1992).

9M. Averous, C. Fau, S. Charar, M. El Kholdi, and V. D. Ribes,
Phys. Rev. B 47, 10261 (1993).

10M. Averous, B. A. Lombos, A. Bruno, J. P. Lascaray, C. Fau,
and M. F. Lawrence, in Diluted Magnetic (Semimagnetic)
Semiconductors, edited by R. L. Aggarwal, J. K. Furdyna,
and S. von Molnar, MRS Symposia Proceedings No. 89 (Ma-
terials Research Society, Pittsburgh, 1987), p. 141.

11M. Averous, B. A. Lombos, C. Fau, E. Ibnouelghazi, J. C.
Tedenac, G. Brun, and M. A. Bartkowski, Phys. Status Solidi
B 131, 759 (1985).

12G, Bauer and H. Pascher, in Semimagnetic Semiconductors

and Diluted Magnetic Semiconductors (Ref. 4), p. 209.

3R, W. Ure, Jr., Proceedings of the International Conference on
Physics of Semiconductors, Exeter, 1962 (The Institute of
Physics and the Physical Society, London, 1977), p. 659.

144 . Von Middendroff and G. Landwehr, Solid State Commun.
11, 203 (1972).

I5R. B. Mallinson, J. A. Rayne, and R. W. Ure, Phys. Rev. 175,
1049 (1968).

16Semimetals and Narrow-Band Gap Semiconductors, edited by
D. R. Lovett (Pion Limited, London, 1977).

17H. Scherrer, B. Hammou, J. P. Fleurial, and S. Scherrer, Phys.
Lett. A 130, 161 (1988).

18Electron Paramagnetic Resonance of Transitions Ions, edited
by A. Abragam and B. Beaney (Clarendon, Oxford, 1969).

19G. Bastard and C. Lewiner, Solid State Phys. 13, 1469 (1980).

20M. Gorska, J. R. Anderson, G. Kido, S. M. Green, and Z.
Golacki, Phys. Rev. B 45, 11 702 (1992).

215, Biswas and R. Bhattacharya, Phys. Status Solidi A 127, 499
(1991).

223, A. Gaj, R. Planel, and G. Fishman, Solid State Commun.
29, 435 (1979).

23Semiconducting II-1V, IV-VI, and V-VI Compounds, edited by
N. Kh. Abrikosov, V. F. Bankina, L. V. Poretskaya, L. E.
Shelimova, and E. V. Skudnova (Plenum, New York, 1969).

243, R. Anderson, G. Kido, Y. Nishina, M. Gorska, L.
Kowalczyk, and Z. Golacki, Phys. Rev. B 41, 1014 (1990).



