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We present measurements and analysis of the magnetic properties of the degenerate magnetic

semiconductor (GeTe), „(MnTe)„ for 0&x g0.5. The measurements were made in fields of up to 55

kOe over the temperature range 1-350 K. The results fall into two parts. For x &0.15, the properties
are well explained by a simple Ruderman-Kittel-Kasuya-Yosida (RKKY) theory with an exchange
constant between the manganese and the free carriers of 0.9+0.09 eV, in excellent agreement with a
previously reported independent determination from transport properties. For x &0.20, the experimental

results deviate strongly from the predictions of this simple model and exhibit some striking properties
which we believe to be intrinsic. Suggestions are offered for the causes of these deviations.

I. INTRODUCTION

The pseudobinary alloy (GeTe},,(MnTe), pro-
vides an excellent system for studying the inter-
actions between magnetic ions diluted in an elec-
tron gas of low metallic density. MnTe and GeTe
are structurally quite similar and the two may be
alloyed over a wide range of concentration' with

the result that the distance between the magnetic
ions may also be varied over a wide range. Fur-
thermore, the system is a degenerate semiconduc-
tor containing about 10 carriers/cm3 so that the
density of the conduction-electron gas is interme-
diate between that of a metal and that of a nonde-

gene rate semiconductor.
The first magnetic studies were carried out by

Rodot et al. who reported that the system orders
ferromagnetically even though MnTe itself is anti-
ferromagnetic. However, they were unable to
provide a consistent description of the system or
to make quantitative deductions. More recently,
two of the present authors4 presented measurements
on alloys containing low concentrations of MnTe
and found ferromagnetic ordering with a paramag-
netic Curie-Weiss temperature which varied lin-
early with concentration at the rate 4. 4 'K per at. %

MnTe. This behavior was interpreted on the basis
of a Rudermann-Kittel-Kasuya-Yosida (RKKY) in-
teraction characterized by an exchange interaction
between the conduction electrons and the manganese
ions with an exchange constant J,„. Later, mea-
surements of magnetoresistivity were made' on a
sample containing 1-at. %%uOMnTe . Theresultswere
very well explained by the above model with a value
for J~ of 0. 8 + 0. 08 eV.

In the present paper, we have extended the range
of MnTe concentration to 50 at. % and have made a
more exhaustive study of the magnetic properties,
including an investigation of the spin dynamics
through the temperature dependence of the magne-
tization below the ordering temperature. It is
found that for samples containing up to 15-at. %%uo

MnTe, the magnetic data are accurately described

by the RKKY model, yielding a value for J,~ in ex-
cellent agreement with the independent determina-
tion from transport measurements mentioned above.
The behavior of samples containing over 15-at.%

MnTe, however, is very poorly described, partic-
ularly with regard to the temperature dependence
of the magnetization. At the present time no quan-
titative explanation exists for these anamolies, but
a number of possible causes are suggested.

In this paper, the sample preparation and mea-
surement techniques are described in Sec. II, fol-
lowed by the experimental results in Sec. III.
These data are suggestive of a long-range indirect
exchange model of the RKKY type which is outlined
in Sec. IV for a random substitutional alloy. In
Sec. V, the theory and experimental results are
compared and the paper is concluded in Sec. VI.

II. SAMPLE PREPARATION AND MEASUREMENT

TECHNIQUES

A. Sample preparation

The phase diagram' for the (GeTe), ,(MnTe}„
system exhibits three stable solid phases at room
temperature which become one phase at high tern-
peratures just below the solidus curve. The high-
temperature phase is the simple cubic NaCl struc-
ture common to a large number of chalcogenide
compounds. Below 450'C, however, the stable
phase for GeTe is a distorted cubic structure with
a corner angle of 88'. For low concentrations of
MnTe, the stable phase is also a distorted cubic,
but the corner angle increases continuously with
MnTe reaching 90 at about 18 at. %p. From 18 to
60 at. % the phase is the high-temperature cubic
NaCl. The lattice parameter also varies smoothly
with MnTe, going from 5. 98A in pure GeTe to
5. 88 A. in the 60-at. % alloy. Beyond 90 at. %, the
alloys crystallize into the hexagonal NiAs structure
of MnTe, while the region between 60 and 90 at. %
is two-phase.

All the alloys were made starting from high-pu-
rity elements, all of 99.999%p purity. Pure GeTe

3013



3014 COCHRANE, PLISCHKE, AND STR(5M-OLSEN

was made by reacting the elements together in a
sealed and evacuated (~ 10 ' Torr) quartz ampoule
at 800 C for 3 h. Pure MnTe was made by dissolv-
ing Mn powder in molten Te in a graphite crucible
under vacuum at 900'C for 24 h. X-ray powder
photographs confirmed that both compounds had
the expected crystal structure. The pseudobinary
alloys (GeTe), (MnTe)„were then made by mixing
GeTe and MnTe in the desired proportions in an
evacuated sealed quartz ampoule and heating first
for 6-12h above the solidus temperature (800-
850'C), and then annealing below it (720-750'C)
for 24-48 h. The latter procedure proved espe-
cially important for ensuring uniformity in the
higher-concentration alloys. One sample (30 at. /o)

was also annealed at 720'C for a further 2 weeks,
but there was no detectable change after this an-
neal, either in structural or in magnetic properties.

An electron-microprobe analysis of the annealed
specimens revealed MnTe concentrations x close to
the starting proportions as well as a uniform dis-
tribution ( 0. Ix) over the size of the beam (1 pv).
Table I shows a list of the samples with the nominal
and actual concentrations as determined from the
microprobe, the latter being used as the sample
concentrations for subsequent calculations.

9. Apparatus

The mobile-carrier densities were deduced from
a measurement of the Hall voltage using the circuit
described in an earlier paper. ~ The carrier num-

bers, also listed in Table I, were found to be in-
dependent of temperature and to increase only
gradually with MnTe concentration, at least as far
as 25 at. %. For the three highest concentrations
we were unable to produce samples suitable for the
Hall-effect measurements and consequently the
carrier density for these alloys is unknown.

The magnetization was measured by means of a

vibrating sample magnetometer (VSM) designed to
operate in the axial field of a 60-kOe NbTi super-
conducting solenoid. A pair of pickup coils were
wound in series opposition on a phenolic former
which was mounted rigidly in the magnet bore, as
described by Olivera and Foner. Over-all sensi-
tivity of this system is approximately (1-3)&&10

emu.
The sample holder was a fiberglass rod, approx-

imately 3 cm long and 0. 6 cm in diameter, with
one end drilled out as a sample chamber. The fi-
berglass rod also served both as a mount for a
GaAs-diode thermometer and as a former for a
small copper reference coil wound around the sam-
ple chamber. In operation, the pickup coils were
used as null detectors in a feedback loop which con-
trolled the current in the reference coil so as to
balance the signal generated by the samples.
Hence, the feedback current to the reference coil
provides a continuous and direct measure of the
magnetic moment of the sample independent of vi-
bration amplitude and sample position. Further-
more, this technique eliminates, at least to first
order, the field-dependent image effects~ in the
superconducting magnet, since the combined sys-
tem of sample and reference coil has no net mag-
netic moment. A similar apparatus has recently
been described by Springford et al.

The sample temperature could be varied over
the range from 1.1 to 300 K by isolating the sam-
ple in a separate insert Dewar. Below 4. 2 'K the
temperature was controlled by regulating the va-
por pressure of liquid helium and read directly
from the vapor-pressure tables. Above 4. 2 'K, a
GaAs diode (Lakeshore Cryotronics, Inc. , TG 100
P/M) calibrated to 0. 1 'K was used both for mea-
suring and controlling the sample temperature.
The diode voltage was fed to a differential voltme-
ter whose off-balance voltage was square rooted,

TABLE I. Concentrations of the specimens obtained from microprobe analysis and
room-temperature susceptibility together with their carrier density and resistivity.

x (nominal) x (microprobe) x (susceptibility) (10+ holes cm ) (10 0 cm)

Pure GeTe
0.002
0.005
0.01
0.02
0.05
0. 10
0.15
0.20
0.25
0.30
0 40b

0.50

~ ~ 0

0.005 + 0, 002
0.010+ 0.002
0.020 + 0.005
0.05 + 0.005
0.09 + 0.005
0.14+ 0.01
0.19+0.01
0.21+ 0, 02
0.27+ 0.02
0.38+ 0.08
0.52+ 0.02

0.0025
0.0047
0.0095
0.0166
0.040
0.085

0.92
1.0
1.1+0.1
1.15+0.1
1.2+0.1
1.2+ 0.1
1.5+0.2
1.2+0.2
2.0+0.2
2.0+ 0.2

1.9+0.2
1.8+0.2
1.4+ 0, 2
2.3+0.2
2. 0+ 0.2

Microprobe resolution was 0.002. Specimen not heat treated (see text).



MAGNETIZATION STUDIES OF (Ge Te), , (MnTe), . . . 3015

40
Ol

E
t9

20

0.02

Ql

E
0.01~Ol

IO

150

e( K)

100

0
75 100 125 150

T( K)
175

0
200

FIG. 1. Temperature dependence of the inverse low-
field susceptibility, y~, above Tc and the square of the
magnetization M, at H=0. 5 kOe below Tc indicating the
independent determination. of the Curie-gneiss tempera-
ture 8 and the ferromagnetic transition temperature T&.
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FIG. 2. Curie-gneiss temperature 8 as a function of
Mn Te concentration x.

amplified, and fed to a unipolarity power supply
and resistance heater. With this system, temper-
ature stability was better than + 0.03 'K over the
entire temperature range.

III. EXPERIMENTAL RESULTS

We have measured the magnetization of all the
samples as a function of the magnetic field from
1.1'K to room temperature. The data clearly in-
dicate a ferromagnetic ordering above 1.1 'K for
all the alloys except the one with only 0.2-at. %
MnTe. The results are presented separately for
the two temperature regimes, T & T~ and T» T~.

A. High-temperature data, T & T&

In the paramagnetic regime, the magnetic sus-
ceptibility follows a Curie-Weiss relation well
above the ordering temperature. The paramagnet-

ic Curie Weiss temperature e was determined by
plotting the inverse low-field susceptibility, X,
against the temperature T, where the subscript e
indicates that the diamagnetic susceptibility of the
GeTe host has been subtracted. A number of these
graphs for the lower concentrations have been
shown in Ref. 6. Figure 1 shows a similar plot for
x = 0.2. Close to T&, the more concentrated alloys
show deviations from the Curie-Weiss behavior,
perhaps the result of a nonuniform distribution of
MnTe. The values of e and the Curie constant C
have been tabulated in Table II for all the samples.
Figure 2 shows the concentration dependence of e.
The crosses represent points obtained from sam-
ples before the annealing process. These samples
revealed considerable nonuniformities of MnTe
distribution under the microprobe and the results
from them have only been included to emphasize
the need for the annealing process.

TABLE II. Values of the Curie-%'eiss temperature, 8; the Curie constant, C; the effective spin of the
manganese ion, Seff ferromagnetic ordering temperature, T~; extrapolated zero-field magnetic moment,
MCH 0), at the ~pecified temperature, and the high-field susceptibility Xhf at the same temperature.

{nominal) e(,'K) C(10' emu/S) ~,gg &c('K) Tc/e
M (0)emu/g
(at T jn 'K) Xhf{10 emu/g)

0.002
0.005
0.01
0.02
0.05
0.10
0.15
0. 20
0.25
0.30
0.40
0.50

0.5+0.1
1.7+0.2
3.3+ 0.2
6.9+0.5
18+2
44 +5
60+ 5
98+ 5

100+ 5
140+ 10
95+ 8

156+10

0.8
1.22
2. 28
3'. 65
8.8

l3.9
23.3
45. 2

38.5
20.9
57.8

3.2
2.8
2.7
2.4
2.3
2. 2
2. 3
2.8

2. 1
1.1
1.8

2.3 + 0.2
6.0+1.0

9+2
25 +4

103+10
100+ 10
148+ 4
102
167

0.7+ 0.1
0.8+ 0.15
0.5+0.2

0.6+0.2

I.0 + 0.15
1.0+ 0.15
1.0+ 0.15
1.1+ 0.2

1.1+0.2

0.74 (1.1'K)
1.2 (1.1'K)
1.69 (4.8'K)
3.22 (1.1'K)
5.5 (1.1 K)
8.25 (4.2' K)
18.8 (4. 2'K)

3. .2
4. 5

15.4
29.8

44. 8

Not heat treated.
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FIG. 3. High-field-magnetization curve for x= 0. 5 at
T=4.2'K. Insert is a blowup of the low-field region
showing the hysteresis and remanence of this sample.

8. Low-temperature data, T & T&

The ordering temperatures Tc have been deter-
mined independently of the paramagnetic Curie-
Weiss temperature using data in the ordered region.
In the molecular-field approximation, M is linear
in T at low fields. T~ was thus obtained by extrap-
olating the steep linear part of the M'-vs-T plot to
its temperature intercept as illustrated for the
20-at. fo sample in Fig. 1. Below 4. 2 'K it was
more convenient to measure M as a function of
H at constant temperature. Consequently, for the
lower MnTe concentrations, Tc was deduced using
the usual thermodynamic relation for second-order
phase transitions

a(T —Tc)M+ bM =H,
i. e. , a plot of M vs H/M passes through the origin
at T = T~. The T~ results for all concentrations
are also listed in Table II. It is interesting to note
that for all the alloys investigated neither of the
characteristic temperatures, e or T~, exceeded
170 K, a fact which is consistent with Fig. 2 and
also the earlier data of Rodot et al. '

At temperatures well below T&, the high-field
magnetization curves all show several character-
istics which are evident in Fig. 3 for x= 0. 5. The
low-field behavior exhibits moderate hysteresis and
the maximum coercive field observed was less than
200 Oe at 4. 2 'K. Nevertheless, all the samples
display a significant high-field susceptibility, X,„„
even at 55 kOe. X„,was essentially independent of
the size or shape of the sample; it was identical
for powdered and cast specimens of various lengths
and diameters. Evidently, it is an intrinsic prop-
erty of these alloys. Table II includes X„& mea-
sured at either 1.1 or 4. 2 K, along with the ex-
trapolated H = 0 magnetization at the same temper-
ature.

In order to investigate the dynamic character of
the magnetic interactions, we have examined in de-
tail the temperature dependence of the magnetiza-

0.8
M(T)

&(o)
0.6

0.4

0.2

I

50 100
T( K)

150

FIG. 4. Reduced magnetization M(T)/M{0), as a func-
tion of temperature for the x= 0. 20 alloy.

tion at constant applied magnetic fields sufficient
to produce technical saturation (~ 5 kOe, Fig. 3).
The four lowest concentrations were eliminated be-
cause their low ordering temperatures made the
region T«T~ inaccessible to our equipment.
Furthermore, small irreproducible background
signals from the addenda limited to 25 kOe the ap-
plied fields for these precision measurements.
Figure 4 presents the m =M(T)/M(0) data as a func-
tion of temperature for x= 0. 2 at 5 kOe through the
ordering temperature T~. The excitation of spin
waves predicts that, at temperatures well below
Tc, the magnetization should vary as T'~'G(H, T),
where G(H, T) is the field and temperature-depen-
dent gap function, as discussed in Sec. IV. This
prediction is well followed for the 10-at. % alloy
(x=0. 10) as is illustrated in Fig. 5. This figure
clearly indicates that the low-temperature devia-
tions from simple T behavior is well described
by including the gap function. Similar results were
also found for x = 0. 05 and 0. 15.

Beyond x = 0. 15, the magnetization-vs -tempera-
ture relation is fundamentally different from that
of the lower concentration materials. At 20-at. %o

MnTe the m(T) varies as T ~, a, relation which,
remarkably, is field indePendent Beyond x = 0..2
the m(T) varies as T and, again, is field indepen-
dent. In Fig. 6 we have plotted m vs T for 50-at. %

MnTe. Figure 7 compares the magnetization
curves for x=9. 05 and 0. 20 at two different tem-
peratures. The curves for the higher concentra-
tions run parallel, a direct illustration of the field
independence of m(T). This contrasts the expected
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FIG. 5. Reduced magnetization M(T)/M(0) as a func-
tion of T and T G(H, T) for the x=0. 10 alloy.

behavior at the low concentration for which the
magnetization curves at different temperatures
converge at high fields.

IV. THEORY

Since the alloys under discussion were ferromag-
netic even at very low concentrations of manganese,
the interaction between the magnetic ions is clearly
long range, which suggests that it is of the RKKY
type proceeding via the mobile car riers, here
holes. The RKKY interaction'P has been success-
fully used to describe magnetic behavior of the
rare-earth metals and their alloys. " Since we are
dealing with 3d electrons, one might expect that a
combination of the localized and band models might
be appropriate for this system. Such a model has
been proposed by Arai and Parinello' and dis-
cussed in some detail by Bartel. ' In this system,
however, the manganese atoms seem to have a
well defined local moment and we assume the sim-
ple RKKY interaction as well as a nearest-neighbor
antiferromagnetic (AFM) exchange between the
manganese ions, since pure MnTe is AFM. In this
section we present a random-phase treatment'4 of
this model and in Sec. V compare its predictions
with the results already presented.

We therefore write the Hamiltonian for the man-
ganese spins as

where i, j are restricted to sites occupied by the
manganese which enter substitutionally for Ge.
Z, (i, j) is the usual' RKKY interaction:

m+ap
64m'a' "

sinnR„—aR&~ cosoR, ~X 0, (2

where o =2k&ap &y being the Fermi momentum of
the conduction holes and ap the distance between
nearest-neighbor Ge or Mn sites. X is the mean
free path of the carriers, R&z is the distance be-
tween sites i and j measured in terms of ap, and J,~

is the exchange interaction constant between the
conduction holes and the manganese ions. The
AFM term, Jz(i, j), is taken as J,(& 0) when i and j
are nearest neighbors and zero otherwise. We
shall treat J,~ and J~ as variable parameters to be
determined from experimental data.

The Hamiltonian is treated by the random-phase
approximation'4 (RPA) for spine of general size.
We first define the Zubarev" Green's function

GIq(t, t') = —ie(t —t') ([SI(t),Sq(t')]) . (3)

Taking the Fourier transform and using RPA yields
the equation of motion

(uGIq((o) = ~ (S;)+Z Z(i, I)

x((S,)G —(S, )G, ] .
In EII. (4), of course, all indices are restricted to
sites occupied by manganese atoms. This restric-

1.00

0.98
M(T)

M(o)
0.96

0.94

0.92

H= ——Z J(i, j)S, Sq2 f f

0.90
0

I I I I I I I I I

400 800 1200 1600

T (K)
= ——Z [~,(i,j)+~,(i,j)]S,~ S, ,2 f

FIG. 6. Reduced magnetization M(T)/M(0) as a func-
tion of T for x=0. 50 alloy.
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tion is more conveniently handled by introducing
the randorg variable I', which is unity when site i
is occupied by manganese and zero when not. We
then introduce the modified Green's function, t &~,

G,~((d) =P(PiG', i((d) .
So that Eq. (4) becomes

i ii(
2r

+EP;PiP, Z(i, l){(Ss)G(i —(Si)G'u} .
(6)

We now assume that G&~ is independent of configu-
ration and average Eq. (6) over all lattice config-
urations. Assuming uniform distribution of the
manganese we have

P g, = x(l —x)6,~ + x'

Vl

C
p

0

C

z

H (kOe)

H {kOe)

I

55

I

55

and, if we neglect the possibility l =j on the right-
hand side of equation (6), (P,P~P, ) = x(P, P&), where
x is the MnTe concentration. Dividing both sides
by (P,P~) makes Eq. (6) translationally invariant
with (S;)=(S'). Making the transformation

FIG. 7. Magnetization curves at constant temperature
for the x=0. 05 and 0.20 alloys: upper curves x=0. 05
{a) T=4. 2'K, (b) T=1.06'K; lower curves x=0.20 (c)
T=6. 5'K, (d) T=39'K.

G,'i = —Z G'(q)e"'"i&

immediately y ields

G'(k) =-
2m v - x(S') jd(0) -Z(k)} '

where

(6)

J(k) = Z J(R,i)e ' » .
R]~

One can show" that the expectation value (S') is ob-
tained from the Green's function via the relation

(1+~0) ' +(
(1 + y )28kl y2 Ski

4,~ from the slope of e vs x as given in Fig. 2.
Instead, we calculate the spin-wave spectrum,
e(k), which determines the temperature dependence
of the bulk magnetization, M=xN(S ), well below
the ordering temperature. The concentration de-
pendence of both the Curie-Weiss 8 and the spin-
wave demagnetization is then sufficient to deter-
mine J,~ and Jz independently. We first calculate
the directionally averaged spin-wave spectrum in
the absence of a magnetic field,

1
e(k) = dQRe(k)

4m'

=k(S')ZJ(R) (1 — ) .

where

po = —Z [exp (Px(S')
1

x [d(0) d(k) j} 1} (10)

We further approximate this function by explicitly
summing over nearest neighbors and then integrat-
ing over the rest of the lattice. Since the magnetic
atoms occupy an fcc sublattice in the NaCl struc-
ture we obtain

Using these equations one obtains an expression
for the ferromagnetic transition temperature

S(S+ 1) 1 1
3ks N, J(0) —J(k)

and the paramagnetic Curie-Weiss temperature

S(S+1)
3ki)

(12)

We note that both these expressions are linear in
concentration, as is observed experimentally for
the range 0&x& 0. 3. At this stage we could take
the value of J2 as given by pure MnTe and deduce

k(k)=12*(S')(2,( ) —Jg (1 — )
~ r&*(S')J 2' &,(r) 1 — ) . (12)

e&1 kr

In the presence of an applied magnetic field H the
Zeeman energy of each excitation must be added to
Eq. (13). Since each spin-wave carries one Bohr
magneton, this is simply gp, ~H. To obtain the bulk
magnetization M as a function of temperature, Eqs.
(9), (10), and (13) must be solved self-consistently.
At low temperatures one finds
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(~=S(1 A-T'/~G(T, H)),

where

4s I2 trxD I
g is the Riemann Zeta function, and

(14)

(15)

B

00 -,]'& ady(sino. y —o.y cosny)e '/
~

k (16}

is the leading term in the dispersion relation e(k)
[Eq. (13}]and

G(T ff) ~ Q s-3/2e-Ntuss/isT1
1'(k), g

a '~' H=1 —1.36 +0.56 + ' ~

k~T
'

k~T

The data presented in Sec. GI show a clear
change in character between 15- and 20-at. gp MnTe,
dividing the alloys into two groups —low concentra-
tions and high concentrations. We discuss these
groups separately.

A. Low concentrations, x & 0.15

This group of alloys is in good agreement with
the RKKY model. The plot shown in Fig. 2 of the
Curie-Weiss temperature against concentration
is indeed linear. In this graph the value of B have
been normalized to a carrier density of 1 x 10 '/
cm . This is done by noting that for the range of
carriers in the present alloys, B varies approxi-
mately with k&,

' i.e. , as n'~', which is a very
small correction. Once this correction is made
we have

dB—=4. 0+0.3'K/at. /o MnTe .x

is the gap function. ~

In summary, this theory predicts a Curie-Weiss
temperature linearly dependent upon x and a bulk
magnetization whose low-temperature behavior is
dominated by spin-wave excitations leading to a
demagnetization coefficient which scales as x"'~ .

V. COMPARISON WITH EXPERIMENT

short samples inside the reference coil can intro-
duce variations up to 10%%uo or 15% in the output sig-
nal. Consequently, the maximum overall error in

ff is 1O%%uo and to within this accuracy all the low-
concentration alloys exhibit a Mn spin of S =-, . The
well-defined Curie-Weiss behavior with a S= 2

leads us to the conclusion that at these lower con-
centrations, Mn supports a localized moment in
the GeTe host.

Turning to the spin dynamics we see that, as
mentioned in Sec. III, the temperature dependence
of the magnetization well below Tc obeys Eq. (14)
for specimens with x= 0. 05, 0. 10, and 0. 15. Fig-
ure 8 shows a plot of the coefficient & against x '
which is linear as predicted. Taking the slope of
this plot and the value of d9/dx above allows us to
determine J,~ and J,. From this we find

J, &=0. 90+0.05 eV,
while the Curie temperature for the MnTe becomes

e,.= -(VV0 ~100}'K .
The value of J,~ is in remarkable agreement with

the figure of 0. 8 +0.08 eV determined indePendently
from transport properties. ' Also the value of
BM,T, is quite close to the value of —585 'K re-
ported for pure MnTe by Komatsubara et al. 0 The
values of J,~ and J, permit us to determine the
actual spin-wave spectrum of the alloys and this is
shown in Fig. 9. We note that e(k) ~k' for k& 0. 3k~.

Furthermore, Eqs. (11) and (13) predict that
~c/8 = 0. 6. Reference to Table II shows that in
fact when &c was determined, Tc/8 falls in the
range 0. 7 +0.2. Since T& is very sensitive to in-
homogeneities, the agreement here is quite satis-
factory.

The only feature of these alloys not covered by
the simple HKKY theory is the persistence of a

A( K&2)

0.03

0.02

This value is very slightly lower than our previous-
ly reported figure' which had not been corrected
for carrier density. We have also calculated the
high-temperature value of the spin from the Curie
constant C, using the microprobe concentrations
and ag value of 2. 0. '9 These spin values are
given in the columns headed S,« in Table II. The
greatest uncertainty in the determination of the
spin values is the absolute calibration of the mag-
netometer. In particular, the relative position of

0.01

50 100

FIG. 8. Spin-wave demagnetization coefficient A as:t
function of x+ for the x= 0. 05, 0. 10, and 0.15 alloys.
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FIG. 9. Spin-wave spectrum as calculated from Eq.
(13) using parameters in the text.

finite high-field susceptibility X,„,up to even the
highest fields. With this observation it is not sur-
prising then that the magnetic moments extrapo-
lated to zero field are consistently less than ex-
pected for a saturated spin-& ferromagnet. Two
possible effects may contribute to the magnetic
hardness of these alloys. First, the microprobe
scanning of the samples revealed only a 10% com-
position fluctuation. However, the beam size in
this probe averages over regions at least a micron
in diameter, whereas the electron mean free path
X, as estimated from the resistivity, is only 100
0

A, some two orders of magnitude smaller. Signif-
icant homogeneities in the solute distribution on
the scale of 10~ would not be detected in the micro-
probe scan, but would manifest themselves as
composition fluctuations in the magnetic data. The
second possible explanation for the magnetic "hard-
ness" arises from neglect of the polarization of the
free carriers. This point is discussed below and
we note here only that this polarization can be
large enough to account for X„,particulary for the
lower -concentration alloys.

B.High concentrations, x & 0.20

This group of alloys is not described by the
RKKY theory at all. First, the paramagnetic
Curie-Weiss temperature deviates from the linear
prediction of Eq. (12). The Curie constant for
highest-concentration alloys is anomalously low,
corresponding in some cases to spin values of
less than 2. Furthermore, the Curie plot of 1/y
against T shows considerable curvature even well
above T&. The transition temperature itself is
consistently larger than e in direct contradiction
to theory. But the most spectacular behavior is

exhibited by the temperature dependence of the
magnetization below T&, as discussed in Sec. ID.
A field ind-ependent T ~ law for the 20-at. /o alloys
becoming a T law for the 20 and 50-at. /o alloys
cannot be explained at all on simple spin-wave
theory. The most obvious explanation of anomalous
behavior is inhomogeneities in Mn distribution.
This would certainly account for the curvature of
the Curie plot and the high value of Tc. However,
it seems most improbable that it could explain the
power laws above, which are obeyed very closely
and over a wide range of temperature. This sug-
gests that the power laws are an inherent property
of the alloys and noI' a reflexion of metallurgical
inhomogeneities. The existence of the T power
law might be construed as meaning the manganese
d levels are forming a band and the demagnetization
is caused by Stoner excitations. However, since
the d levels in pure MnTe are not believed to form
a band it seems unlikely they would do so here
where the distance between Mn ions is so much
greater.

It seems more convincing, therefore, that the
main cause of the divergence between experiment
and theory lies in the latter's failure to include the
effect of polarization of the free carriers. The
low Fermi energy (- —, eV) and the high value of J,~

(- 1 eV) results in a very strong coupling between
the Mn spins and the free carriers. Indeed, one
can estimate that, at T = 0, the free carriers are
entirely polarized for x & 0. 2. This polarization
significantly affects the RKKY coupling, making it
temperature dependent. Moreover, if fully polar-
ized, the bulk magnetization of the carriers is of
the same order of magnitude as that of the manga-
nese near x= 0. 1 and remains significant to all con-
centrations. Thus, neglect of this effect is any-
thing but trivial, especially in samples of higher
concentration where the polarization is larger. At
present we are not aware of any theory incorporat-
ing these features and hope to return to it at a fu-
ture time.

VI. CONCLUSIONS

We have carried through a detailed study of the
magnetization of a series of (GeTe), „(MnTe)„al-
loys over the range 0&x &0. 5. All the alloys were
found to be ferromagnetic even though MnTe is it-
self antiferromagnetic. At low concentrations,
(x & 0. 15) the results are summarized by the dis-
tinctive feature that all the experimental magnetic
energies, 6, Tc, and the spin-wave dispersion co-
efficients are linear in the concentration. This
behavior is very well explained by a simple RKKY
model with and s-d exchange constant J,~, in ex-
cellent agreement with our previously reported in-
dependent determination from transport properties.
Such distinct HKKY character is usually not ob-
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served for these large concentrations of 3d ions in
metals, but is manifest in the GeTe host because
of the relatively low free-carrier density of this
system.

For the higher concentrations, the alloys exhibit
properties which deviate strikingly from those at
lower concentrations, but which nevertheless ap-
pear to be intrinsic to the alloys. The Curie-Weiss
temperature is no longer linear in the concentra-
tion and the simple spin-wave demagnetization is
completely lost. These results disagree with the
simple RKKY model, but at the same time they
underscore the need for a comprehensive treatment
of the RKKY interaction including such effects as
conduction- electron polarization.

We believe that a clear understanding of these
anomalies calls for a wider range of experimental
information and have begun an investigation of sev-
eral related alloy systems such as those with SnTe
as host. We hope that this approach will distin-
guish the features of general significance from
those peculiar to a given system.
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