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In the diluted magnetic semiconductor Sn& Mn Te the charge-carrier concentration p is of crucial
importance for the low-temperature magnetic behavior. By means of neutron-diffraction experiments, in
combination with ac-susceptibility, magnetization, and specific-heat data, we show that for x =0.04 the
long-range-ordered ferromagnetic state observed for p =7 X 10 cm gradually evolves into a spin-glass
state with increasing carrier concentration. In a crystal with p =11X 10 cm ' initially a transition to a
restricted-ranged ferromagnetic order occurs when the temperature is lowered in zero field, followed by
a transition into a reentrant spin-glass phase. By the application of a small magnetic field (5.0 mT) the
reentrant spin-glass transition is suppressed. In a p =23 X 10 cm ' crystal a spin-glass phase is entered
directly from the paramagnetic regime. The neutron-diffraction results indicate the presence of short-
range ferromagnetic fluctuations in this sample. The results are discussed in the context of a
Ruderman-Kittel-Kasuya- Yosida model. A three-dimensional (T,x,p) magnetic phase diagram is
presented.

I. INTRODUCTION

Diluted magnetic semiconductors (DMS's) are ternary
or quaternary alloys in which a part of the nonmagnetic
cations of the host material has been substituted by mag-
netic ions. There is a close relationship between the mag-
netic and electronic properties of DMS's, resulting from
the coupling between the two interacting subsystems,
formed by the electronic system of the charge carriers
and the diluted magnetic system of the magnetic ions, re-
spectively. ' The Mn containing IV-VI DMS's can, with
respect to their magnetic properties, roughly be divided
into two groups, distinguished by their charge-carrier
concentrations. The first group consists of the materials
with relatively low carrier concentrations, i.e., in the
range 10' —10' cm, such as Pb

&
Mn Te. Their

magnetic behavior closely resembles that of the Mn con-
taining II-VI DMS's and can be ascribed to antiferromag-
netic interactions of the superexchange type between the
Mn ions. The existence of a spin-glass phase at low tem-
perature has been reported for this group of materials.
For the second group of IV-VI DMS's, with charge-
carrier concentrations of the order of 10 ' cm, a com-
pletely different low-temperature magnetic behavior is
observed. Ferromagnetic ordering has been report-
ed in, for example, Sn

&
Mn„Te (Refs. 4—6) and

Ge& „Mn Te. The ferromagnetic interactions are in-
duced by the Ruderman-Kittel-Kasuya- Yosida (RKKY)
indirect exchange mechanism, in which the interaction
between the magnetic ions is mediated by the itinerant
charge carriers. ' In the case of the first group of IV-VI
DMS's the carrier concentration is too small to make the
RKKY interaction effective, which leads to the dominant

role of the antiferromagnetic superexchange mechanism.
The crucial role of the charge-carrier concentration (p)

in IV-VI DMS's becomes especially clear in the inter-
mediate regime, with carrier concentrations of the order
10' —10 ' cm . This range can be reached either by the
preparation of mixed compounds such as
Pb& Sn Mn Te, or by changing the carrier concen-
tration, which actually originates from slight deviations
from stoichiometry, by means of isothermal annealing.
Story et al. made the link between the antiferromagnet-
ic and the ferromagnetic regime by the discovery of the
so-called carrier-concentration-induced ferromagnetism
in the compound Pbo 25Sn072Mno o3Te. They established
the existence of a critical charge-carrier density
p, =3X10 cm . For p &p, paramagnetic behavior
was observed down to 1.2 K, the lowest temperature
covered in their experiments. Measurements of the
high-temperature susceptibility yielded Curie-Weiss tem-
peratures (0) equal to (0.0+0.2) K. For p )p, a step-
like increase of the ferromagnetic interactions, probed by
a steplike increase in 0, was observed, accompanied by a
ferromagnetic ordering at temperatures below 5 K. This
was a demonstration of the direct impact of the charge-
carrier concentration on the magnetic phase diagram, im-
plying the introduction of the charge-carrier concentra-
tion p as a parameter in the magnetic phase diagram, be-
sides the temperature T and the Mn concentration x.
Swagten et al. ' were able to explain the inhuence of the
carrier concentration by modifying the conventional
RKKY model for the band structure of Pb& Sn~ Te. In
this model contributions from charge carriers in two
valence bands, located in different regions of the Brillouin
zone, are taken into account. When p exceeds the critical
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density p„ the Fermi level enters a set of heavy-hole
valence bands, located along the X axis, which brings
about the steplike increase of the ferromagnetic interac-
tions. Recently Story et al. " further refined this model
by the incorporation of the anisotropy and the many-
valley structure of the heavy-hole X band.

A similar charge-carrier-concentration-induced transi-
tion to a ferromagneticlike state, indicated by measure-
ments of the ac susceptibility, the magnetization, and the
magnetic specific heat, was reported' for Sn& „Mn„Te
with x =0.03 and x =0.06, again with p, =3X 10
crn . With the aid of neutron-diffraction experiments
we were able to establish the genuine ferromagnetic na-
ture of the low-temperature phase' in crystals with
x =0.03, p =7X10 cm and x =0.06, p =11X10
cm . In earlier reports, however, the low-temperature,
high-carrier-concentration phase of Sn, „Mn Te had
not only been identified as ferromagnetic, as mentioned
above, but also as a (reentrant) spin-glass phase. Mauger
and Escorne' published a (T,x) magnetic phase diagram
for x ~0.06, showing a spin-glass state at low tempera-
tures for x (0.03 and a reentrant spin-glass state for
0.03 (x (0.06. The origin of these contradictory results
was elucidated in a recent paper, ' where the susceptibili-
ty, magnetization, and magnetic specific-heat experi-
ments on SnQ97MnQQ3Te samples were extended to car-
rier concentrations as high as p =23X10 crn . A
comparison with the previous results for p =7X10
cm showed that the ferromagnetically ordered state
had changed into a spin-glass-like phase for the sample
with p =23X10 cm . This was, to our knowledge, the
first observation of a breakdown of a ferromagnetically
ordered state induced by a change in the charge-carrier
concentration, illustrating the decisive role of the
charge-carrier density in the magnetic (T,x,p) phase dia-
gram. To study the evolution of the magnetic correla-
tions with increasing carrier concentration we have per-
formed neutron-diffraction experiments on three
SnQ 96MnQ Q4Te crystals with p =7, 11, and 23 X 10
cm, respectively. The experiments were combined
with measurements of the ac susceptibility, the magneti-
zation, and the magnetic specific heat. We will present
evidence that with increasing charge-carrier concentra-
tion the low-temperature magnetic state gradually
evolves from a ferromagnetic state for p =7X10 cm
via a reentrant spin-glass state for p =11X10 cm
into a spin-glass state for p =23 X 10 cm . In Sec. II of
this paper the preparation of the samples will be de-
scribed. The results of the measurements of the suscepti-
bility, the magnetization, and the specific heat will be
presented in Sec. III, followed by those of the neutron-
diffraction experiments in Sec. IV. In the last section we
will discuss our results in view of the aforementioned
RKKY model. By combining the present results with
those for other Mn concentrations a three-dimensional
( T,x,p) magnetic phase diagram will be compiled.

II. PREPARATION

In IV-VI group semiconductors the carrier concentra-
tion is mainly determined by the number of metal and
nonmetal vacancies. The first create holes, the latter
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create electrons. In the Sn-Te phase diagram the solidus
area is completely located at the Te-rich side and conse-
quently only p-type conductivity is observed. ' The bor-
ders of the solidus area are situated at SnQ9996Te and
SnQ 953Te, corresponding to charge-carrier concentrations
of roughly 2X 10 cm and 20 X 10 cm, respective-
ly. By isothermal annealing in an appropriate atmo-
sphere the number of vacancies and hence the carrier
concentration can be changed.

Our samples were grown, using a conventional Bridg-
man technique, with a composition (Sn+Mn):Te=0. 984,
which is the equilibrium cation:anion ratio at the max-
imum melting temperature for SnTe. This ratio results in
a carrier concentration p =10X10 cm . All anneal-
ings were performed at 700'C, lasted typically 72 h, and
were followed by quenching to room temperature. The
ampoules were fiHed with 280 mbar Ar, to guarantee a
homogeneous temperature distribution, and a source ma-
terial that was physically separated from the sample to be
annealed. Annealing in a relatively Te-rich atmosphere,
supplied by the vapor of SnQ47TeQ 53 source material,
yielded carrier densities of typically 20 X 10 cm
Lower concentrations (typically p = 5 X 10 cm ) were
achieved by annealing with pure Sn as source material.
The apparent carrier concentrations have been measured
by the Hall effect, using the Van der Pauw method. Since
p appears to be constant below 100 K, we refer to the
values at liquid-nitrogen temperature. The composition
and the homogeneity of the samples were checked with
electron probe microanaiysis (EPMA). For all samples
the Mn concentration was within 10% equal to the nomi-
nal concentration.

All SnQ96MnQQ4Te samples used in the experiments
discussed in this paper were from the same Bridgman-
batch. In Table I the compositions and carrier concen-
trations are listed.

III. RESULTS: ac SUSCEPTIBILITY, MAGNETIZATION,
AND MAGNETIC SPECIFIC HEAT

A. ac susceptibility

The ac susceptibility has been measured using a mutual
inductance bridge. The frequency of the 1.6 pT driving
ac field was 913 Hz. In Fig. 1 the inverse of the real part
of the susceptibility in the high-temperature region is
displayed for the p =7, 11, and 23X10 cm samples.

TABLE I. Properties of the samples used in the experiments
described in Sec. III ~ x (EPMA) is the Mn concentration deter-
mined by electron probe rnicroanalysis. Charge-carrier concen-
trations were measured at 77 K. 0 and x (HTy) were deter-
mined from the high-temperature susceptibility measurements
described in Sec. IIIA. Except for the as-grown p =11X10
cm sample, the same samples were used for the neutron-
scattering experiments.

Treatment x (EPMA) p (10 cm ') 0 (K) x (HTy)
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number of amorphous Fe-Mn and Fe-Ni alloys. In
these systems the sharp increase in the real part of the
susceptibility is interpreted as a transition to a ferromag-
netically ordered state, followed by a second transition to
a spin-glass phase at lower temperature, denoted by the
maximum in the imaginary part. The higher maximum
in the real part of the susceptibility for the sample with

p =11X10 cm compared to that with p =7X10
cm is probably related to the different dimensions of
the samples.

The real component of the ac susceptibility of the
p =23 X 10 sample shows a cusplike maximum at 2.2 K,
i.e., far below the Curie-Weiss temperature 0=7.0 K, ac-

FIG. 1. Temperature dependence of the reciprocal suscepti-
bility for Snp 96Mnp p4Te with P =7 X 10 cm ' (O ),

p =11X10 cm ' (0), and p =23X10 crn (X).

In all cases the data have been fitted to a Curie-Weiss
law, yielding the Curie-Weiss temperatures 0 and the Mn
concentrations x listed in Table I. In the fits the values
S=—,

' and g =2 were used. All samples have a Curie-
Weiss temperature of approximately 7 K. This positive
value of 0 indicates that the sum of the exchange interac-
tions, QJ, ., is ferromagnetic. Figure l shows that as the
carrier concentration increases deviations from Curie-
Weiss behavior occur at higher temperatures: for the
p =23X10 cm sample deviations start at approxi-
mately 11 K, for p =11X10 cm at 9 K, whereas in
the p =7X10 cm sample Curie-Weiss behavior is
maintained until just above T =O.

Figures 2(a) and 2(b), respectively, show the real and
imaginary part of the ac susceptibility in the low-
temperature region for all three samples. The data for
the sample with p =7X 10 cm show the characteris-
tic features of a ferromagnetic transition. First, there is a
sharp transition in both the real and the imaginary com-
ponent with a critical or Curie-temperature T, =6.3 K,
which is approximately equal to the Curie-Weiss temper-
ature 0, and, second, the maximum value of the real
component of the susceptibility is of the order of 1/N,
where X is the demagnetizing factor of the sample.

For the as-grown sample, with p = 11 X 10 cm, the
real part of the susceptibility shows a gradual increase
below 6.5 K, smoothly transforming into a steep rise to-
wards a maximum at 4.3 K. The imaginary part displays
a shoulder around this temperature, but continues to in-
crease until a maximum is reached at 2.3 K. In the real
component a change of slope is seen around the same
temperature. A similar behavior has been reported for a
diversity of reentrant spin-glass systems, such as
Eu„Sr& „S,' NiMn, '

(PdQ 9965FeQ QQ35)& Mn„, ' and a
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FIG. 2. Temperature dependence of the real (a) and the
imaginary (b) component of the ac susceptibility for
Snp 96Mnp p4Te with P =7 X 10 cm (0 ), P = 1 1 X 10 cm
(~), and p =23 X 10 cm ( X ). Driving ac field: 1.6 pT, 913
Hz.
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companied by a somewhat steeper increase in the imagi-
nary part at the same temperature. The height of the
maximum in the real component does not exceed 10% of
the demagnetizing limit. Both the height and the shape
of the maximum in the real part indicate that the sample
undergoes a transition to a spin-glass state at the freezing
temperature Tf =2.2 K. ' The aforementioned devia-
tions from Curie-Weiss behavior at temperatures as high
as 5Tf (see Fig. 1), that were also reported for the
canonical spin-glass CuMn, support this conclusion.

We also studied the frequency dependence of the ac
susceptibility. In this paper only the main results will be
mentioned, more detailed results will be published sepa-
rately. For p =7X10 cm there is no significant
dependence on the ac frequency. For p =23 X 10 crn
both the maximum in the real and that in the imaginary
component shift towards higher temperature and de-
crease in absolute value with increasing frequency. The
phenomenon of a frequency-dependent freezing tempera-
ture is generally considered to be a characteristic feature
of spin glasses. For p =11X10 cm the aforemen-
tioned change of slope at lower temperatures in the real

component shifts towards higher temperature with in-
creasing frequency, whereas the absolute value decreases
in this temperature range. The maximum in the imagi-
nary part tends to decrease and to move to higher tern-
perature with increasing frequency. This indicates that
also in this sample a transition to a spin-glass-like state
occurs at low temperatures.

B. Magnetization

We measured the field-cooled magnetization in a 2.0
mT field for the samples with p =7, 11, and 23X10
cm, using a standard vibrating sample magnetometer.
The results are shown in Fig. 3. The magnetization for
the sample with p =7X10 cm rises sharply at 6.3 K,
the same temperature where the ac susceptibility has its
maximum slope. The shape of the curve confirms the fer-
romagnetic nature of the phase transition suggested by
the susceptibility measurements. In the sample with

p =23 X 10 cm the magnetization increases more
gradually with decreasing temperature and its magnitude
is strongly suppressed. Of course, this behavior does not
prove the existence of a spin-glass state, but it certainly
reveals the collapse of the ferromagnetic state that is ob-
served for p =7 X 10 cm . The sample with

p = 11X 10 cm displays a temperature dependence of
the magnetization which is neither ferromagnetic nor
spin-glass-like. Below 6 K there is an increase in the
magnetization, but less sharp than for p =7 X 10 cm
With further decreasing temperature the magnetization
continues to increase, until a broad maximum is reached
near 2.35 K, approximately the same temperature where
the imaginary part of the susceptibility has its maximum.
Below this temperature the magnetization decreases. A
similar behavior of the field-cooled magnetization has
previously been reported for the magnetic alloys IeA1,
CrFe, and AuFe in the reentrant spin-glass concentration
range.

C. Speci6c heat

In Fig. 4 the magnetic specific heat, measured with a
heat pulse calorimeter, is displayed for the samples with

p =7, 11, and 23X10 cm . The magnetic part of the
specific heat was obtained by subtracting the lattice
specific heat, i.e., the measured specific heat of the host
material SnTe, from the raw Sn& Mn Te data. For the

sample with p =7X10 cm, a A, anomaly, characteris-
tic for a second-order transition, is observed at the criti-
cal temperature. With increasing charge-carrier concen-
tration this anomaly gradually transforms into a broad
maximum for p =23X10 cm . The curve for the sam-
ple with p = 11 X 10 cm still has a distinct maximum
near the temperature where the real part of the suscepti-
bility has a maximum, but for p =23 X 10 cm no spe-
cial feature is observed at the freezing temperature Tf,
where the cusp in the ac susceptibility occurs. Such a
smooth temperature dependence of the magnetic specific
heat, without a distinct anomaly at Tf, is also observed
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FIG. 3. Temperature dependence of the field-cooled magneti-
zation for Snp 96MnQ Q4Te with p =7X 10 cm (O),
p =11X10 cm (~), and p =23X10 cm (X). B =2.0
mT.

FIG. 4. Temperature dependence of the magnetic specific
heat for Snp 96M11Q Q4Te with p =7X 10 cm (o), p =11X 10
cm (0), and p =23X10 cm (X), and for Snp97MnQQ3Te
with p =23 X 10 cm (+ ). The data for x =0.03 have been
scaled to x =0.04.
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for archetypical spin glasses such as CuMn.
Another indication for the existence of a spin-glass

state at low temperatures for this range of carrier concen-
trations and Mn concentrations is found for
Sn, Mn„Te with x =0.03 and p =23 X 10 cm
Above 1.5 K a qualitatively similar behavior of the mag-
netic specific heat is found as for the 4% Mn sample with

p =23X10 cm discussed above. ' New data, in the
temperature range down to 0.2 K, are included in Fig. 4
after scaling to x =0.04. They show an approximately
linear temperature dependence of the magnetic specific
heat, extrapolating to an intersection of the temperature
axis at 0.17 K. This positive intersection as well as the
proportionality with temperature are considered to be
typical spin-glass features.

An analysis of the magnetic entropy shows that for the
samples with p =7X10 cm and p =23X10 cm
the total magnetic entropy S that is recovered in the
temperature range up to 10 K is approximately equal to
the theoretical value S =xR ln(2S+1), with x =0.04
and S =

—,'. In the sample with p =11X10 cm the ex-
perimentally observed entropy amounts only to about
80% of the theoretical value. When the entropy
recovered below the temperatures where the real com-
ponent of the susceptibility shows a maximum is com-
pared to the total theoretical entropy, it appears that
83% is gained below 6.1 K in the sample with
p =7X10 cm . This is in good agreement with the
theoretical value for a three-dimensional fcc Heisenberg
ferromagnet. In the p =11X10 cm sample 63% is
recovered below 4.3 K. In the sample with p =23 X 10
cm only about 35% of the theoretical entropy is
recovered below 2.2 K. This result is in good agreement
with that of Wenger and Keesom for the spin glass
CuMn.

D. Provisional conclusions

The results of the measurements of the ac susceptibili-
ty, the magnetization, and the magnetic specific heat on
the Sno 96Mnoo4Te samples with p ='7, 11, and 23X10
cm strongly suggest a carrier-concentration-induced
breakdown of a ferromagnetic state to a spin-glass state.
For the sample with the lowest carrier density a transi-
tion to a ferromagnetic ordered state at T, =6.3 K is in-
dicated by the sharp increase in the susceptibility, the
presence of a spontaneous magnetization, and the A,

anomaly in the specific heat. For the intermediate carrier
concentration p = 11X 10 cm the results suggest the
existence of a reentrant spin-glass phase. With lowering
temperature initially a transition to a ferromagnetic state
occurs at 4.5 K, indicated by the increase in the real part
of the ac susceptibility and in the spontaneous magnetiza-
tion. A second transition, to a spin-glass phase, takes
place at 2.3 K, signaled by the maximum in the imagi-
nary part of the ac susceptibility and the decrease in the
spontaneous magnetization. The data for the sample
with p =23 X 10 cm strongly suggest a transition to a
spin-glass state at the freezing temperature Tf =2.2 K,
identified by the cusp in the ac susceptibility, the absence
of a spontaneous magnetization, and the smooth temper-

ature dependence of the specific heat.
Although suggestive, most of the evidence presented

above is somewhat circumstantial. To obtain convincing
evidence for the conjectured collapse of the ferromagnet-
ic state with increasing charge-carrier concentration we
started neutron-scattering experiments. With the aid of
neutron diffraction it is not only possible to gain insight
in the nature of the magnetic ordering, but also in the
range of the magnetic correlations. For each carrier con-
centration these correlations were monitored as a func-
tion of temperature. The details of this study will be dis-
cussed extensively in the next section.

IV. NEUTRON DIFFRACTION

A. Introduction

In neutron-diffraction experiments ferromagnetic or-
dering will result in magnetic Bragg scattering superim-
posed on the nuclear Bragg reflections below the transi-
tion temperature T, . For a reentrant spin glass the fer-
romagnetic ordering will also result in increasing Bragg
scattering with decreasing temperature, until the transi-
tion temperature to the spin-glass state is reached, below
which the intensity of the reflection will decrease. ' ' In
the case of an ideal spin-glass state there is no periodic
long-range order, so no increase in the Bragg intensity
will be observed below the freezing temperature Tf.

Since for the actual Mn concentrations the magnetic
intensity will be small compared to the nuclear Bragg in-
tensity, it is necessary to select reflections for which this
nuclear intensity is weak. Fortunately, the rocksalt crys-
tal structure of Sn& Mn Te and the scattering lengths
of Sn, Mn, and Te (6.228 fm, —3.73 fm, and 5.80 fm, re-
spectively) offer this possibility. In the rocksalt structure
the only Bragg reflections allowed are those with Miller-
indices h, k, l =2n and h, k, l =2n + 1. For the subset
with odd indices the nuclear structure factor F„„,& equals
zero for x =0.043. There is no composition for which
the other subset of reflections can be suppressed. The
reflections with h, k, l =2n+1 are obviously the most
favorable ones for magnetic studies and, because the
magnetic form factor decreases with increasing scattering
vector

~ Q ~, especially the (111)reliection.
All neutron-diffraction experiments were performed on

Sno 96Mno O4Te single crystals. The Mn concentration
x =0.04 is close enough to 0.043 to reduce the nuclear
(111) intensity almost to zero. Except for the as-grown,
p =11X10 cm crystal, the samples were the same
ones that were used in the measurements of the suscepti-
bility. The sample with p =11X10 cm was from the
same Bridgman batch as the other crystals and identical
in composition to the sample used for the susceptibility
measurements. The experiments were performed on the
HB3 triple-axis spectrometer at the high flux reactor Pet-
ten. The wavelength of the incident neutrons was 0.1428
nm. Two 30' Soller collimators were placed between the
reactor and the C(002) monochromator and between the
sample and the C(002) analyzer, respectively. To
suppress second-order reflections a tuned pyrolytic
graphite filter was installed between the monochromator
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and the sample. With a pair of external Helmholtz coils
a magnetic field up to 5.0 m T could be applied perpendic-
ular to the horizontal scattering plane. The lowest tem-
perature that could be reached in the experiments was
approximately 1.7 K. For all crystals we studied the
profile of the (111) reflection along the [110] direction as
a function of temperature. Measurements were per-
formed both with and without the analyzer to examine
the presence of inelastic scattering. Moreover, by the in-
stallation of the analyzer the contribution of the second-
order (222) reflection to the scattered intensity at the
(111) position was further reduced. The (222) reflection,
for which the magnetic contribution is negligible com-
pared to the nuclear scattering, was also measured at a
few temperatures. The purpose of these measurements
was twofold. First, it could be checked whether intensity
variations in the (111) reflection were indeed of magnetic
origin, and not due to structural changes, and, second, an
absolute value for the magnetization could be deduced
from the relation between the integrated magnetic (111)
scattering I, „(111)and the integrated nuclear (222)
scattering I„„,i(222):

2 2I „(111)= 2 )'e (S ) f (111)sin28(222)
mec sin28(111)

X I„„,i(222) .16

F„„,i (222)

Equation (1) is valid for a multidomain single crystal.
The factor —', results from the averaging over magnetiza-
tion directions in a cubic structure, assuming that
equivalent domain types contain the same number of
spins. The magnetic form factor has the valuef (111)=0.815, (S) is the average spin on the Sn/Mn
sites, (ye /m, c )=0.539X10 ' cm, 28(111) and
28(222) are the scattering angles, and F„„„(222)is the
nuclear structure factor for the (222) reflection. Inserting
(S ) =

—,'x in Eq. (1) yields the maximum magnetic intensi-
ty for a multidomain ferromagnet at zero temperature,
i.e., with full alignment of the Mn spins within the in-
dividual domains.

The measured profiles were fitted with a Gaussian peak
shape and a constant background:

I =B+IQexp —4 ln2
(FWHM)

Here q is the distance between the point Q =(Q,Q, 1)
and the reciprocal lattice point (1,1,1), when measured
along the [110]direction, and FWHM is the full width at
half maximum. Besides the analysis of the composite,
i.e., magnetic plus nuclear, (ill) profile we also per-
formed a detailed study of the separated magnetic (111)
reAection. The details of this analysis will be discussed
below.

B. Results for Sno 96Mno 04Te with p =7X 10 can

For the Sn-annealed p =7X10 cm sample the in-
tegrated intensity of the Gauss fits to the (111)profile, ob-
served in triple-axis configuration with the analyzer set at
zero energy transfer, is presented as a function of temper-
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ature in Fig. 5. The variation of the intensity with tem-
perature in double-axis mode is qualitatively similar. In
agreement with the results of the ac susceptibility, the
magnetization, and the magnetic specific heat, the
diffraction data indicate a transition to a ferromagnetical-
ly ordered phase with a transition temperature
T, =6.2+0. 1 K. Below T, the magnetic intensity is su-
perimposed on the temperature-independent nuclear
(111) and second-order (222) intensity. The full line in
Fig. 5 represents the result of a mean-field calculation for
a three-dimensional ferromagnet with T, =6.2 K and
S =

—,'. The agreement between the data and this curve is
excellent. The same mean-field-like temperature depen-
dence of the integrated (111) intensity was found previ-
ously' for samples of SnQ 97MnQ Q3Te with p =7 X 10
cm and SnQ 94MnQ Q6Te with p =11X10 cm

With Eq. (1) a "theoretical" value for the maximum in-
tegrated magnetic (111) intensity can be calculated from
the measured integrated nuclear (222) intensity. Assum-
ing that the actual Mn concentration is equal to the nom-
inal value x =0.04, the observed magnetic (111)intensity
(extrapolated to T =0 K) amounts to (0.87+0.03) of the
calculated value, corresponding to a magnetization of
(0.93+0.02) of the theoretical value. Considering the Mn
concentration x =0.044 deduced from the high-
temperature susceptibility, these numbers suggest that
the aligninent of the spins within the domains is not per-
fect even at T =0 K. By the application of a magnetic
field while cooling through T, the observed magnetic in-
tensity increases: fields of 2.5 and 5.0 mT yield magneti-
zations of 1.00 and 1.05 times the theoretical value, re-
spectively. This increase must be attributed to the fact
that domains with a magnetization component along the
field are favored when the domains are formed, meaning
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that crystallographically equivalent domains do no longer
contain an equal number of spins.

The separate magnetic (111)refiection was obtained by
subtracting the nuclear (111) profile, as measured above
the transition temperature T„ from the composite profile
observed at temperatures below T, . At all temperatures
below T, the magnetic (111) refiection can be fitted to a
Gaussian profile with a linewidth that is within the exper-
imental accuracy equal to the experimental resolution as
determined by the FWHM of the nuclear (111)refiection.
This indicates that the ferromagnetic order below the
critical temperature is truly long range, and hence the
sample is a ferromagnet, albeit with an imperfect align-
ment of the spins even at T =0 K.

C. Results for Snp 96MQp 04Te with p = 11X 10 cm

Figure 6 shows the integrated intensity of the (111)
reflection as a function of temperature for the as-grown
p =11X10 cm crystal in fields of 0.0, 2.5, and 5.0
mT. For reasons that will become clear below, in this
case the integrated intensity has not been determined by
fitting the Gaussian profile (2) to the (111) refiection, but
by a point-by-point summation over the measured profile.
The data in the figure are obtained from the triple-axis
experiments with zero energy transfer. Because the mea-
surements in two-axis configuration yielded similar re-
sults, we will not discuss them here. It is obvious that,
unlike the sample with p =7X10 cm, the tempera-
ture dependence of the magnetic intensity in zero field
cannot be described with a mean-field prediction. With
decreasing temperature the intensity starts to rise at ap-
proximately 6.5 K, indicating a transition to a ferromag-
netic state, but the increase is more gradual than for
p =7X10 cm . The most striking departure from
mean-field behavior occurs just above 2 K, where the in- 2500 I I I

tensity reaches a maximum at 2.1 K and then decreases
with decreasing temperature. The magnetization derived
from the maximum observed magnetic intensity in zero
field amounts (0.70+0.02) of the theoretical value calcu-
lated from the integrated nuclear (222) intensity, assum-
ing the nominal Mn concentration and inserting
(S)=T'x in Eq. (1). Applying a 2.5 mT field increases
the maximum observed intensity to a value correspond-
ing to a magnetization of (0.76+0.02) times the theoreti-
cal value, but, as can be seen in Fig. 6, does not remove
the decrease of the intensity below 2. 1 K. In a 5.0 mT
field no decrease of the magnetic intensity with decreas-
ing temperature is observed in the range down to 1.8 K.
The observed magnetic intensity at 1.8 K corresponds to
a fraction of (0.80+0.02) of the theoretical magnetiza-
tion.

We now turn to the analysis of the separate magnetic
(111)profile, again obtained by the subtraction of the nu-
clear (111)profile, measured at temperatures above 6.5 K,
from the composite profiles observed below this tempera-
ture. Above 5.5 K the magnetic profiles could not be
determined accurately enough to perform meaningful fits.
Whereas the nuclear reAection can well be described by
the Gaussian profile (2), this is not the case for all mag-
netic profiles, except those observed at temperatures
below 4 K in the 5.0 mT field. For this reason the in-
tegrated intensities in Fig. 6 were not determined by
Gauss fits to the composite (111)profile, but by point-to-
point summation. All magnetic reAections observed in
fields of 0.0 and 2.5 mT and those above 4 K in 5.0 mT
are significantly broader than the nuclear ones and
display non-Gaussian wings that are not present in the
nuclear reflections. As an example, Fig. 7 shows the
magnetic profile observed at 1.8 K in zero field, together
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FIG-. 6. Temperature dependence of the integrated (111) in-

tensity for Snp96Mnpp4Te with P =11X10 cm, triPle-axis
mode, B =0.0mT (0), B =2.5 mT (), and B =5.0mT (+).

FIG. 7. Snp 96Mnp p4Te, P =11X10 cm ', triPle-axis mode,
T=1.8 K, B =0.0 mT: magnetic (111) profile along the [110]
direction. Dashed curve: fit to a Lorentzian, convoluted with
the Gaussian experimental resolution function. Full curve:
Gaussian with the width of the experimental resolution func-
tion.
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with a Gaussian with equal amplitude and with the
FWHM of the nuclear (111) refiection. The broad, non-
Gaussian profile of the magnetic reAection implies that
the ferromagnetic order that sets in below 6.5 K as indi-
cated by the data in Fig. 6 is not long ranged. Only in the
measurements in 5.0 mT below 4 K the magnetic order
cannot be distinguished from true long-range order. In
the fields of 0.0 and 2.5 mT long-range order is not estab-
lished in the temperature range down to 1.8 K.

An alternative description of magnetic intensity
profiles resulting from short- or intermediate-range order,
is the Lorentzian form

IoI=B+
q +~

where ~ is the half width at half maximum (HWHM).
This Lorentzian profile can be attributed to scattering by
finite magnetic clusters characterized by a correlation
length 1/~. The experimentally observed profile for
scattering with an intrinsic Lorentzian character is deter-
mined by the convolution of the Lorentzian with the
Gaussian experimental resolution function. Where possi-
ble, we fitted the magnetic (111) refiections with a line
shape resulting from such convolution. In these fits the
FWHM of the Gauss function was fixed at the value
determined from the nuclear (111) refiection. This line
shape appears to give a good description of the experi-
mental data, as can be seen in Fig. 7 for the data at 1.8 K
in zero field. Figure 8 displays the HWHM of the
Lorentzian deduced from the fits as a function of temper-
ature. No data are shown for the 5.0 mT field below 4.8
K, because in this temperature range the Lorentzian be-
comes too narrow (a. (0.002 reciprocal lattice units) to
perform a successful decon volution. However, only
below 4 K the width of the observed magnetic profile is
equal to the experimental resolution, corresponding to
~=0 and implying long-range order.

In zero field as well as in fields of 2.5 mT- and 5.0 mT ~
initially decreases when the temperature is lowered, until
it becomes constant near 4 K. In 0.0 and 2.5 mT ~
remains finite below 4 K, in 5.0 mT it equals zero. The
decrease of ~ rejects the increase of the ferromagnetic

correlation length, i.e., the growth of ferromagnetically
ordered clusters, with decreasing temperature. The fact
that at a fixed temperature the value of a. significantly de-
creases with increasing field, implies that the correlations
are drastically enhanced by the application of a field.
Below 4 K a field of 5.0 mT appears to be sufhcient for
the formation of a magnetic cluster of apparently infinite
size.

Below 2.5 K ~ increases with decreasing temperature
in the case of the zero-field measurements. This occurs in
the temperature range where the integrated magnetic in-
tensity reaches its maximum. The increasing width of the
magnetic reAection implies a decrease of the ferromagnet-
ic correlation length and suggests a transition from a
(restricted-range) ferromagnetic order into a spin-glass-
like state. Obviously a field as small as 2.5 m T is
sufhcient to suppress this effect: in this field rc remains
more or less constant at the value reached near 4 K, al-
though also in this case the integrated intensity decreases
below 2 K. An increase of a at lower temperatures can
therefore not be excluded.

The same temperature dependence of the inverse corre-
lation length as that observed in zero field, also in com-
bination with a decrease of intensity at low temperature„
was found by Maletta, Aeppli, and Shapiro' in their ex-
periments on Eu Sri S reentrant spin glasses. This cor-
roborates the conclusion from our susceptibility and
magnetization experiments that Snp 96Mnp p4Te with

p =11X10 cm is a reentrant spin glass. With de-
creasing temperature first a ferromagnetically ordered
state is gradually formed between 6.5 and 4 K, followed
by a transition to a spin-glass state between 2.5 and 2.0
K. This interpretation is supported by the agreement be-
tween the characteristic temperatures in the behavior of a
in zero field and those for the susceptibility experiments
displayed in Fig. 2. The real part of the susceptibility
goes through a maximum in the temperature range where
~ becomes constant when the temperature is lowered, in-
dicating the ferromagnetic transition, whereas the imagi-
nary part has its maximum where ~ starts to increase, in-
dicating the transition to the spin-glass state.

D. Results for Sno 96Mnp 04Te with p =23X10 cm
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FIG. 8. Snp 96Mnp p4Te, P =11X10 cm, triPle-axis mode:
temperatore dependence of the inverse correlation length a,
B =0.0 mT (0), B =2.5 mT (0), and B =5.0mT (+).

In Fig. 9 the scaled integrated intensity for the (111)
reAection, obtained by point-by-point summation, is
displayed versus temperature for the Snp 96Mnp p4Te crys-
tal with p =23X10" cm, together with the corre-
sponding data for the other two samples. The data in the
figure are from the triple-axis measurements with zero
energy transfer, but the temperature dependence of the
integrated intensity in double-axis mode was qualitatively
similar. To enable a fair comparison, the intensity has
been normalized by subtracting the nuclear scattering ob-
served at temperatures above 6 K and subsequent scaling
to the maximum magnetic intensity calculated from the
observed nuclear (222) intensity with Eq. (1). The figure
shows that below 6 K there is some magnetic (111)inten-
sity present for the crystal with p =23X10 cm, but
that it is much smaller than for the other two samples.
The maximum observed magnetic intensity in triple-axis
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nounced in the double-axis measurements, both in the
double- as well as in the triple-axis mode the distribution
in Q-space of the magnetic (111)scattering is more diffuse
than that of the nuclear (111) scattering. This implies
that the ferromagnetic correlations in real space have a
short-range character. The correlations are gradually
built up below 6 K, resulting in the increase in intensity
depicted. in Fig. 9. Because of the short-range character,
we believe that the observation of magnetic intensity in
zero field at the nuclear (111) Bragg position does not
violate the conclusion from the measurements of the sus-
ceptibility, the magnetization, and the specific heat that
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FIG. 9. Temperature dependence of the magnetic (111)inten-
sity, scaled on the maximum magnetic (111)intensity calculated
from the nuclear (222) intensity, for Sno o6Mno O4Te with
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mode amounts to roughly 10% of the value expected
from Eq. (1), corresponding to a magnetization of -0.32
of the theoretical value for x =0.04 and (S ) =

—,'x. The
application of a magnetic field of 5.0 mT had no effect on
the observed intensity.

The magnetic intensity is so small that the subtraction
procedure to separate the magnetic and the nuclear (111)
profiles could not be applied at each individual tempera-
ture. As an alternative the magnetic profile at low tem-
peratures was obtained by subtracting the sum of five
scans performed between 8 and 10 K from the sum of the
five scans performed below 2.2 K. Figures 10(a) and 10(b)
show the results for the double- and triple-axis measure-
ments, respectively. In both cases the magnetic profile
does clearly not have a Gaussian form, in contrast to the
nuclear (111)Bragg refiection, of which the FWHM is in-
dicated in the figure.

A comparison between the Figs. 10(a) and 10(b) indi-
cates that for this sample there is a difference between the
double- and triple-axis magnetic profiles. The profile ob-
served in triple-axis configuration appears to be much
more diffuse than that from the double-axis measure-
ments. In the latter case there obviously is a considerable
contribution to the scattered intensity from inelastic pro-
cesses, which cause the sharp peak superposed on the
very broad distribution from (quasi)elastic processes. By
the installation of the analyzer, which allows the observa-
tion of neutrons scattered with an energy change
4E & 1.5 meV only, this contribution is removed. An at-
tempt to determine a characteristic energy of the inelastic
processes did not succeed. Although the diffuse charac-
ter of the magnetic scattering is somewhat less pro-
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mode, (b) triple-axis mode. Horizontal lines represent the exper-
imental resolutions (FWHM).
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the low-temperature phase for this combination of Mn
concentration and charge-carrier concentration is a spin-
glass state. In fact, in a real spin glass, containing a few
percent solute magnetic atoms, the presence of short-
range magnetic correlations is inevitable, even if the posi-
tional randomness of the magnetic and nonmagnetic
atoms is complete. '

The temperature below which the scattered intensity
increases, approximately 6 K, may be regarded as the
freezing temperature corresponding to the time constant
(-3X10 ' s), determined by the energy window
DE=1.5 meV. Spins which are not frozen, but are in-
volved in a relaxation process with a time constant
z) 3X10 ' s, contribute to the quasielastic scattering
and are indistinguishable from frozen spins, for which
r~ ~. Because of the different time constant ( —10 s),
the susceptibility measurements yield a different freezing
temperature. A similar dependence of the apparent
freezing temperature on the characteristic time constant
of the measurement was reported by Murani and
Heidemann ' for a CuMn spin glass.

V. DISCUSSION

We have presented experimental evidence for the ex-
istence of a transition from a ferromagnetic state into a
spin-glass phase in the diluted magnetic semiconductor
Sno 96Mno O4Te, induced by an increase in the charge-
carrier concentration alone. The breakdown of the long-
range ferromagnetically ordered state, observed in the
sample with p =7X10 cm, with increasing carrier
density is a gradual process: in the sample with

p =11X 10 cm initially a limited-range ferromagnetic
order is established with decreasing temperature, but
when the temperature is lowered further this order col-
lapses and a reentrant spin-glass phase is entered. For
the sample with p =23X10 cm a direct transition
from the paramagnetic regime into a spin-glass state
occurs.

Because the Curie-Weiss temperature 0 remains con-
stant when the charge-carrier concentration is increased,
the breakdown of the ferromagnetic state is apparently
not caused by a change in the total interaction strength.
In that respect this transition is different from that occur-
ring at p, =3X10 cm, where the ferromagnetism is
so to say switched on. Both the rise of 0 at p, and the p
independence of 0 for p ~ 7X10 cm are in agreement
with calculations based on the RKKY model described in
the Introduction of this paper. "

With the assumption of RKKY interactions between
the magnetic moments it is also possible to understand
the carrier-concentration-induced transition between a
ferromagnetic state and a spin-glass state. ' The RKKY
interaction is a rapidly oscillating function with argu-
ment 2k~R;~, where k~( -p '

) is the Fermi wave vector
and R, . is the distance between the magnetic ions. For
2k~R;. —+0 the interaction is ferromagnetic. Two charac-
teristic distances can be distinguished. The first, Ro, is
the distance at which the first change from ferromagnetic
to antiferromagnetic interactions occurs. At a fixed Mn
concentration R o depends on the carrier concentration as
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FIG. 11. Sn
&

Mn„Te, 0.02 ~ x ~ 0. 10: Curie-Weiss temper-
ature e () and the temperature T,„(squares), where the real
component of the ac susceptibility has its maximum, both scaled
on the Mn concentration x (expressed in % Mn), vs the charge-
carrier concentration in the X band pz, also scaled on x. Open
squares: ferromagnet; semi-filled squares: reentrant spin glass;
filled squares: spin glass. The lines are guides to the eye.

R o -p ' . The second, R M„M„, is the average spin-spin
distance and depends on the Mn concentration as
RM„M„-x ' . The ratio between RM„M„and Ro, or
equivalently p and x, is of crucial importance for the
magnetic behavior. If Ro «RM„M„ there is a competi-
tion between positive, ferromagnetic interactions and
negative, antiferromagnetic interactions, leading to the
formation of a spin-glass state. Because of their high car-
rier concentrations (-10 cm ) this is the case in
canonical metallic spin glasses such as CuMn. If
Ro &&RM„M„ ferromagnetic interactions dominate and
no spin-glass phase will be formed, but a ferromagnetical-
ly ordered state. In Sn, Mn Te, with x and p in the
range of the samples discussed in this paper, the situation
is intermediate between these two extremes. Ro and
RM„M„are of comparable magnitude and a relatively
small decrease of Ro, induced by an increase in the
charge-carrier concentration, can lead to the observed
collapse of ferromagnetism. In systems like AgFe and
AuFe a transition between a ferromagnetic state and a
spin-glass state with an intermediate reentrant spin-glass
phase has been observed also, but in all these cases tran-
sitions were induced by decreasing the concentration of
the magnetic ions and thus increasing R M„M„ instead of
decreasing R o.

The delicate interplay between the Mn concentration
and the charge-carrier concentration is illustrated in Fig.
11. The Curie-%'eiss temperature 0 and the temperature
T,„, where the real part of the ac susceptibility has its
maximum, both scaled on x (in %%uo Mn), are plotted versus
the carrier concentration in the X band p&, also scaled on
x. We have chosen to plot the objective quantity T „in-
stead of the critical temperature T, and/or the freezing
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temperature Tf to avoid errors because of a possible

misinterpretation of the experimental data. The mea-
sured carrier concentration p has been replaced by
p&=p —p, =p —3X10 cm, because, as described in
the Introduction, the contribution to the RKKY interac-
tion by the holes from the light-hole band is negligible
compared to that by those from the heavy-hole X band. '

Data are included for compositions with 0.02~x ~0.10
and carrier concentrations 3X10 cm ~p ~23X10
cm . The figure shows that 0/x is more or less con-
stant at 0/x = 1.75 for p /x ~ 0.5. For pz /x ~ 0.5 a
part of the steplike increase of 0 at p =p, can be seen. In
the T,„/x data four regimes can be distinguished: (I) for
pz/x ~0.5 the ferromagnetic state is formed in accor-
dance with the increase in 8/x; (II) for 0.5 ~pz/x ~ 1.5
a long-range-ordered ferromagnetic phase is formed,
identified by a maximum in the susceptibility at
T,„/x =1.5; (III) for 1.5 ~pz/x ~ 3.0 an initial transi-
tion from the paramagnetic state to a state with a fer-
romagnetic order of restricted range is followed by a
transition to a spin-glass phase at lower temperature.
The ferromagnetic transition is characterized by a rnax-
imum in the susceptibility at T „, with
1.5 ~ T,„/x ~0.6. T „/x decreases with increasing
pz/x. (IV) For pz/x ~ 3.0 a spin-glass state is formed,
directly from the paramagnetic state, at the freezing tem-
perature Tf/x =T,„/x =0.6. The data in Fig. 11 cor-
roborate the decisive role in the low-temperature magnet-
ic behavior of the ratio pz/x and supports the assump-
tion of RKKY-like interactions.

For the reentrant spin-glass systems the transition tem-
perature Tf to the spin-glass phase, denoted by a rnax-
imum in the imaginary part of the susceptibility, is not
included in Fig. 11. Up till now a reentrant phase has
been observed in samples with x =0.03, 0.04, and 0.05
with p=10X10 cm 3 and x =0.08 with p=20X10
cm . The data indicate that Tf/x is in the range
0.4—0.7, but do not show a clear trend with pz/x. This
is also reAected in Fig. 12, where we present a tentative
three-dimensional (T,x,p) magnetic phase diagram. If a
cross section for a fixed charge carrier concentration is
made, a (T,x) phase diagram is obtained which is similar
to that reported by Mauger and Escorne. ' However,
they did not fully recognize the role of the carrier con-
centration. Three phases can be distinguished in such a
(T,x) diagram: the paramagnetic, the ferromagnetic, and
the spin-glass phase. These phases meet in a triple point,
which shifts towards higher x and higher T with increas-
ing p. The exact shape of the boundary between the fer-
romagnetic and the spin-glass phase, denoting the reen-
trant spin-glass transition, is not yet clear. The available
data indicate that, starting from the triple point, towards
higher x an initially rather Aat behavior is followed by a
steep decline towards T =0 K.

Of course the diagram in Fig. 12 is still far from com-
plete. Along the x axis an extension is possible in both
directions. More experiments on samples with x ~0.02
could elucidate how the lower limit in x for the existence
of a ferromagnetically ordered state depends on p. Mn
concentrations below x =0.03, however, must be con-

T (K)

15

10

0
20

0.05 0.10
concentration x

FICz. 12. Three-dimensional (T,x,p) magnetic phase diagram
for Sn& Mn Te. P=paramagnetic phase, F=ferromagnetic
phase, SG =spin-glass phase.

sidered as too small for neutron-scattering experiments.
For samples with x ~ 0. 10 an increasing role of direct an-
tiferromagnetic Mn-Mn interactions may be expected to
inAuence the magnetic behavior. Besides the extensions
to lower and higher x it is also necessary to obtain more
detail in the interval 0.02~0. 10. Especially for x ~0.06
with p=20X10 cm data are scarce.

Along the p axis there is a lack of data in the range
11X 10 cm &p & 20 X 10 cm . Measurements on
samples with carrier concentrations in this range are
essential to study the gradual breakdown of ferrornagne-
tism with increasing p at fixed x. However, thus far it has
been difficult to precisely control the isothermal anneal-
ing process. It is not yet possible to tune the annealing

parameters in such a way that every desired carrier con-
centration can be achieved. Variation of the annealing
temperature and/or the source material are possibilities
to reach carrier concentrations other than 5—7X10
crn or 20—23X10 cm . For example, using Zn as
source material yields carrier concentrations below p, .
Instead of annealing, it might also be possible to grow
material with a carrier concentration different from
9—11X10 crn . According to the Sn-Te phase dia-
grarn' another cation-anion ratio in the starting rnateri-
als should lead to another carrier concentration. Anoth-
er possibility is the replacement in the starting materials
of a few percent Sn by an element with a valency other
than +2. First experiments with 3% In as dopant in ma-
terial with 3% Mn yielded lower carrier concentrations
than in undoped 3% Mn samples, but there are indica-
tions that the magnetic properties are also changed in
comparison to undoped Snp97Mnpp3Te with the same
carrier concentration.

The extension of the magnetic phase diagram towards
temperatures below 1.3 K is essential to establish the ex-
act position of both boundaries of the spin-glass regime.
Concerning the neutron-scattering experiments, especial-
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ly for the Snp 96Mnp p4Te crystal with p =11X10 cm
measurements below 1.8 K would be interesting. In zero
field the further decrease of the size of the ferromagneti-
cally ordered clusters could be followed, which might
eventually lead to results similar to those found in the
present experiments on the sample with p =23X10
cm . The effect of the magnetic field should be studied
in more detail. Measurements in a field of 2.5 mT could
reveal whether in this field the observed decrease in inten-
sity is also accompanied by a decrease in correlation
length, starting at lower temperature in comparison to
the zero-Geld case. A decrease in intensity at low temper-
atures can also not be excluded in the 5.0 mT field. This
actually implies the extension of the three-dimensional
(T,x,p) phase diagram to a four-dimensional (T,x,p, B)
phase diagram. Besides neutron-scattering experiments,
also magnetization measurements, both field cooled and
zero field cooled, in different fields can contribute to the
compilation of such a diagram. For the crystal with

p =23 X 10 cm inelastic-neutron-scattering experi-
ments with a better energy resolution might clarify the
nature of the Auctuation processes that cause the ob-
served difference between the double- and triple-axis mea-
surements.

A problem that remains to be solved is the reduction of
the magnetic moment for the ferromagnetic samples, that
is calculated from the neutron-scattering data with Eq.
(1). This reduction has not only been observed for
SnQ 96Mno p4Te with p =7 X 10 cm (93%%uo of the
theoretical magnetization is observed), but also for
Sno 94Mno 06Te with p = 11 X 10 cm (75%%uo) and
SnQ 9OMno, oTe with p = 11 X 10 cm (79%%uo).

' Prelimi-
nary high-field (up to 7 T) magnetization measurements
on the two latter samples confirm this reduction: in both
cases the measurements yield a saturation magnetization
corresponding to approximately 85% of the value that is

expected assuming the nominal Mn concentration and
(S)=

—,'. lt is not yet clear whether the reduction of the
magnetization is caused by a reduction of the magnetic
moment of each individual Mn ion or by the existence of
groups of antiferromagnetically coupled Mn ions that
persist down to T=0 K as isolated regions within an
infinitely sized ferromagnetic cluster.

A complete, both qualitatively and quantitatively satis-
factory theoretical description of the phenomenon of the
carrier-concentration-induced breakdown of the fer-
romagnetic state is not yet available. Such description
can possibly be supplied by a model in terms of clusters
and random fields, as was used, for example, for
(Fe„Mn, , )7~P,686A13 (Ref. 32) and Eu„Sr, ,S. Espe-
cially for the sample with p =11X10 cm the large
effect of small applied magnetic fields on the ferromagnet-
ic correlation length suggests that a random-Geld model
might be appropriate. In this model a random field is im-
posed on ferromagnetically ordered clusters by spins that
are not included in such a cluster, which leads to reen-
trant spin-glass behavior. The effect of the random field
can be eliminated by the application of a small external
field, resulting in the persistence of the ferromagnetic
state down to T =0 K.
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