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Determination of the antiferromagnetic exchange constant between
nearest-neighbor Gd ions in Pbo 95GclQ 05Te
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For what is thought to be the first time high-field magnetization measurements are performed
on a semimagnetic semiconductor with rare-earth-like magnetic ions (Gd). Saturation is reached
at a field of 12.5 T. The experimental results are well fitted by the cluster model. The value of
JNN is determined: JNN= —1.2 K.

INTRODUCTION

In this paper we present what are probably the first
measurements of the magnetization of a semimagnetic
semiconductor in which the magnetic ion is a rare-earth
metal (Gd) in high magnetic field. The exchange constant
between nearest-neighbor magnetic ions (JNN) is deter-
mined for Pbi „Gd Te. A very interesting feature of this
compound is the low value of JNN, which enables us to ob-
serve the total saturation of the magnetic clusters.

Recent measurements of the magnetic field dependence
of the magnetization in high magnetic field (B ) 15 T)
were performed for wide-gap semiconductors. ' The
magnetization curve shows a steplike character. The data
have been analyzed using a generalized cluster model, '

in which the magnetization is calculated as a sum of the
magnetizations of small clusters. The role of the magnetic
pairs was found to be important. Measurements of mag-
netization versus magnetic field were also performed for
small-gap semiconductors, but the magnetic field did not
exceed 15 T. ' The most used magnetic ion was man-
ganese. The phenomenological function

(S2) =SpPs/2[ 2 gp&B/Ko(T+ Tp)]

did not describe accurately the exoerimental results.
In this paper, we study the magnetization of

Pbo 95Gd005Te in magnetic fields up to 32 T, at a tempera-
ture T =1.8 K. The results are analyzed in terms of the
cluster model to determine the nearest-neighbor exchange
integral JNN.

RESULTS AND DISCUSSION

The sample of Pbi „Gd„Te used in this work was poly-
crystalline with a Gd concentration of about 5%.

The magnetization was measured in pulsed magnetic
fields of up to 32 T, using two concentric opposing pick-up

coils. Two measurements were made: the first with the
sample outside the coils and the second with the sample in-
side the coils. The magnetization is taken as the difference
between the two measurements. The experimental setup
was not calibrated, and the absolute value of the magneti-
zation was not determined. Data were taken during the in-
crease of the magnetic field. The rise time (34 ms) is large
enough to assume a steady state during the measurement.
Moreover, we have verified that there is not a significant
difference between magnetization curves obtained in the
increasing and decreasing fields.

Figures 1 and 2 show the magnetization versus magnetic
field. Since the magnetization remained constant in the
range 18-32 T, only the data obtained up to 22 T are
represented for clarity. The crosses represent the experi-
mental data and the full lines are the theoretical magneti-
zations obtained from the cluster model. In this model the
total magnetization is calculated as the sum of two terms
M, and Mp.. M, is the contribution of isolated Gd + ions
and Mp is the pair contribution to the magnetization. For
x & 0.05 the contribution of clusters of more than two ions
could be neglected. M, can be written as

MS MS(p7/2(7p8B/ka (T + To)]

where M„ is the saturation of the total magnetization ex-
cept pairs, and P7/2 is the Brillouin function for So = —', in

the case of Gd +. To is a fitting parameter used for the
first time by Gaj, Planel, and Fishman. It represents the
phenomenological antiferromagnetic interaction of the rel-
atively isolated Gd + with distant neighbors. The pair
contribution Mp can be obtained taking the pair Hamil-
tonian in the form

Hp = —2JNNS iS2+gpgSpB,

where Sp=Si+S2, Si=S2= 2 are the spins of the two
members of the pair, and g =2 was previously determined
by ESR measurements. ' The energy levels of the pair for
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TABLE I. Values of the best-fit parameters.
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FIG. 1. Magnetization of Pbp. 95Gdpp5Te as a function of mag-
netic field at 1.8 K. Crosses show the data points; solid curve 3
shows the best fit to the data; and curves 1 and 2 represent, re-
spectively, the calculated contribution of singles (Brillouin law)
and pairs.

this Hamiltonian are
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Er, = —JNNlS~;(S~;+ I ) —( —", )]+gpgm~;8,

where Sp, =0,1, . . . , 7 and mp' Sp' Sp' 1 Sp, .
The total magnetization of the pairs can be expressed as

the thermodynamical average of the magnetization of each
level:

gmz, exp( —E~;/kT )
M, = —(M„/2S, )

where the summation is taken over all the states of the pair
and Mpp is the saturation value of the pair magnetization:

Mp, =M& —M„=gp~SoxP2,
where M& is the total saturation magnetization, x is the Gd
concentration, and P2 denotes the probability of finding
one ion in a pair.

In this paper, we have neglected the interaction between
the pair and more distant neighbors. Nevertheless, as can
be seen, the experimental data are in good agreement with
the calculated solid curve. The best fit parameters values
are listed in Table I.

It has been found that (i) JNN is constant for the two
temperatures. This value is small, JNN= —1.2 K. The
JNN value deduced by the assumption that the linear part
of the magnetization is due to the pair contributions is in
quite good agreement with the value obtained by the sus-
ceptibility measurement using a Curie-Weiss law. " (ii)
Tp is roughly T independent between 1.8 and 4.2 K. (iii)
The ratio M„/M, increases with temperature. As a matter
of fact, when T increases, the contribution of the pairs
represented by JNN becomes negligible and M„ tends to
M, (isolated Gd ions).

The first part of the curve, Fig. 1, up to 2 T, follows a
Brillouin law corresponding mainly to the isolated ions.
The linear part 2 &B & 12.5 T is attributed to the pair
contribution. As a matter of fact, when T &&2 JNN, the
pair magnetization could be described by a sum of
Boltzmann functions. ' When T=2~ JNN, the contri-
bution of each level could not be separated, and one ob-
serves a linear increase versus B, with a slope
(P2/14~ JNN ~ )(gp~/k) as in our case. Above 12.5 T the
magnetization reaches the saturation value. The same be-
havior is observed at 4.2 K (Fig. 2). The pair contribution
is less marked because the evolution of the Brillouin law
when T increases.
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CONCLUSION

High-field magnetic measurements have been presented
on a new semimagnetic semiconductor Pb~ „Gd„Te. Due
to the specific character of gadolinium, the saturated mag-
netization was reached at about 12.5 T. The experimental
data are well fitted by the cluster model. The model yields
a value of JNN= —1.2 K. This small value of the ex-
change interaction is comparable to the value previously
determined for Pb~ „Mn Te by Anderson and Gorska.
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FIG. 2. Same as Fig. 1 at 4.2 K.
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