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Magnetic properties of Pb;_,Mn,Te are reported for Mn concentrations x <0.2. Below 1 K, a
spin-glass behavior is observed, characterized by a thermoremanent magnetization which has been
studied as a function of time and of the magnetic field. The freezing temperature T, defined by a
cusp in the reversible part of the magnetic susceptibility is found to be associated with the oc-
currence of a spin-glass state rather than a clustering effect as in the other manganese compound
Cd;_xMn,Te. We attribute this result to the existence of long-range interband exchange interac-
tions arising from the fact that Pb,_,Mn,Te is a small-gap semiconductor. For all Mn concentra-
tions, antiferromagnetic interactions are shown to dominate, in opposition with previous theoretical
predictions. Above Tg, the material is in a superparamagnetic state due to short-range antifer-
romagnetic superexchange interactions. | It is shown that a mean-field approximation accounts very
well for the experimental results, above a temperature Ty ~2T, up to a magnetic field H ~ 10 kG,
but breaks down at T < Ty. This effect is related to the pathological behavior of the functional
dependence of the magnetization on the magnetic field above the de Almeida—Thouless instability
temperature. All the samples were p type. The transport experiments show that the valence band is
significantly perturbed upon introduction of Mn in the matrix. In particular, a crossing between
valleys of the valence band with extrema at the L points of the Brillouin zone and the valleys with
extrema along the 2 (symmetry) directions, is inferred at x ~0.114 at low temperatures. At high
magnetic field, the magnetoresistance associated with the diffusion of holes by the spin fluctuations
is shown to be positive, although a negative magnetoresistance can be observed in the low-field limit
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on some samples.

I. INTRODUCTION

A considerable amount of work has been done on the
study of the class of materials known as semimagnetic
semiconductors. Indeed, the subject has been introduced
by M. Rodot and co-workers who investigated the ex-
change interactions of manganese ions (Mn?*) diluted in
II-VI compounds in the late 1960s.'~3 The host matrix is
either SnTe,! GeTe,? or PbTe.> Mn?t is the most con-
venient impurity, because of its electronic configuration
3d° with zero orbital momentum (s state). Then, there is
no spin-orbit interaction giving rise to anisotropy effects,
and the experimental results are interpreted more easily.
The magnetic properties of Ge;_,Mn,Te and
Sn;_,Mn,Te are well understood: The ferromagnetic or-
dering of these alloys is due to the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction mediated by the
102°—10%! cm 2 free carriers (holes).* The carrier concen-
trations in Pb;_,Mn,Te, however, are much smaller, and
so is the RKKY interaction, so that the magnetic behavior
of this material is much more complex. Magnetic suscep-
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tibility measurements have already been published in-
dependently by Andrianov et al.,’ and Hamasaki.’ In the
temperature range 77 < T < 300 K, Hamasaki found that a
Curie-Weiss law was satisfied, with values of the
paramagnetic Curie temperature ® very small, and even
6 ~0 within experimental uncertainty. This result is very
different from those of Andrianov et al.,’ who found that
the Curie-Weiss law was not satisfied in the lower part of
this temperature range, at least for lowest manganese con-
centrations (<0.016). Moreover, they reported huge
values of ®. The most striking disagreement appears for
x=0.016 (x or concentration, is in units of at.%
throughout), because samples with such a Mn concentra-
tion have been studied by both groups (actually x =0.015
in Ref. 6). In that case the reported values of ® are 70
(Ref. 5) and 0 K. However, measurements at lower tem-
peratures showed that there is no magnetic freezing in the
whole range investigated, 4.2 < T < 300 K,’ and thus there
is at least one point on which all authors agree, namely
that the magnetic interactions in Pb;_,Mn,Te are small.
One purpose of this paper is to study the magnetic proper-
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ties of Pb;_,Mn,Te at low temperatures (7T <100 K),
especially in the range 0.09 < T <4.2 K which has not yet
been investigated. It is shown, in particular, that
Pb;_,Mn, Te undergoes a spin-glass transition below 1 K.
We also infer the existence of Mn clusters. The propor-
tion of Mn ions frozen in such antiferromagnetic clusters
is, however, not much larger than the value expected from
statistical fluctuations in the average composition, in the
framework of a random distribution of the Mn ions in the
host matrix, except at the highest Mn concentrations. The
different results in Refs. 5 and 6 are analyzed and imput-
ed to such magnetic clustering effects, as well as some
other specific properties in our own samples.

Usually, transport properties of magnetic semiconduct-
ors are not as spectacular as the magnetic properties.
Ford and Mydosh’ found that the impurity resistivity in
spin-glasses varies roughly linearly with temperature
around the freezing temperature T, and then shows a
broad maximum at a temperature T,, much larger than
T,. However, the application "of an external magnetic
field is expected to significantly modify the spin correla-
tions. Consequently, the localized spins contribute signifi-
cantly to the magnetic resistance. The second purpose of
this paper is to investigate some transport properties of
Pb;_,Mn, Te, namely Hall effect and resistivity as a func-
tion of the temperature and the magnetic field. In partic-
ular, we show that the variations of these quantities as a
function of temperature are dominated by modifications
in the band structure of PbTe, induced by the introduction
of Mn ions in the matrix. We also show that the Mn ions
not frozen in the clusters give rise to a positive contribu-
tion to the magnetoresistance at least at high magnetic
field. This feature shows that Pb;_,Mn,Te is not a
canonical spin-glass. This result is associated with the
fact that the ferromagnetic coupling induced by the exter-
nal magnetic field competes with the antiferromagnetic
superexchange interactions which are shown to dominate
at all the Mn concentrations investigated.

Since the clustering effects are important, there is an
ambiguity in the definition of x. The nominal composi-
tion x, is equal to the value of x averaged over a volume
which is larger compared to the lattice parameter (and
then to the size of the magnetic clusters). The effective
concentration X is the concentration of manganese ions
which are not inside the clusters. The range of composi-
tions investigated are x,, <0.20 and x ¢ <0.06.

The distinction between x, and x. is the cornerstone
of the analysis of our experimental data. It also em-
phasizes the necessity of specifying the procedure used to
prepare the sample, since the concentration of clusters and
their size may vary widely depending on the metallurgical
procedure used. This is the object of the second section.
In Sec. III the magnetic susceptibility measurements are
reported. The discussion of the results is reported in Sec.
1v.

II. SAMPLE PREPARATION

Crystal growth has been carried out by the Bridgman
method under tellerium vapor pressure in a three-zone
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furnace as described in Ref. 8 for the growth of
Cd;_,Mn,Te alloys. Ingots with initial compositions
ranging from 0.03 up to 0.5 have been grown by weighing
appropriate amounts of PbTe, Mn, and Te, or Pb, Mn,
and Te (6N Pb and Te, 3N 5 Mn). The growth rate used
was 2.8 mm/h. The ingots were generally constituted by
very large single crystals.

Three methods have been used for the “metallurgical”
characterization of the samples: scanning electron mi-
croscopy (SEM), electron-microprobe measurements, and
x-ray diffraction experiments. Only a single phase is visi-
ble in crystals with x, <0.1, from SEM observations, even
at high magnification (8000X). However, a fine eutectic-
like structure is visible at high magnification in slices cut
in ingots with x, =0.15 and 0.2, since MnTe-richer phases
are found from Mn images. For x, ~0.5 extra phases are
clearly visible even at low magnification: Important
MnTe zones are found in an eutecticlike Pb-rich back-
ground.

It is worth noticing that a good radial homogeneity and
reproducible values are found from electron-microprobe
measurements in samples with x,=0.15 and 0.20. This
discrepancy with the SEM observation is likely to be due
to the diffusion volume of the electron beam, which is
very important as is its impact area. The variations of
Mn composition, as determined by electron-microprobe
analysis, is reported as a function of the distance d from
the bottom of the ingots along the axis in Figs. 1 and 2.
The normal freezing in the case of partial mixing in non-
volatile liquids is expressed by the law’

xp(d)=keo(1—d /D)F1 .

Here, x, is the concentration of manganese in the ingot, k
is the interface distribution coefficient, ¢y is the initial
value of the uniform concentration of solute in the liquid,’
and / is the total length of the ingot.

For x,=0.03 and x, ~0.1, the experimental data can
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FIG. 1. Manganese concentration x in Pb,_,Mn,Te as a
function of the distance d from the extremity of the ingot for
two low Mn concentrations. Solid circles and squares are exper-
imental data. The solid curves are theoretical and are derived
from the Pfann law [see Eq. (2.1)].
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FIG. 2. Manganese concentration x in Pb;_,Mn,Te as a
function of the distance d from the extremity of the ingot for
two larger Mn concentrations. The dashed curves are guides for
the eyes, and the data could not be fitted theoretically, due to the
heterogeneity of the material.

actually be fitted by Eq. (2.1) (see Fig. 1). This confirms
the solid-solution character of alloys of composition rang-
ing up to x,~0.1. To the contrary, the experimental
points of Fig. 2 cannot be fitted by the expression (2.1).
This still confirms that alloys with x, =0.15 and 0.2 are
heterogeneous.

As mentioned above, the alloys have also been studied
by x-ray diffraction. Lead telluride has a cubic NaCl
structure with a lattice parameter, measured in our sam-
ples, equal to 6.46 A, in agreement with previous results.!°
Alloys up to x,=0.1 keep the same structure, and their
parameters seem to follow Vegard’s law, as shown in Fig.
3. On the contrary, crystals with x, ~0.15 present addi-
tional lines corresponding to hexagonal MnTe. The lines
associated with PbTe are split in triplets, indicating a de-
formation of the cubic NaCl structure towards an hexago-
nal structure. The extra MnTe lines are not visible in the
spectra of crystals with x, =0.2, but the very weak inten-
sity and resolution of these spectra reveal a very poor
crystallographic quality. The lattice parameters deter-
mined for the cubic PbTe-rich phase present in the
x, =0.15 and 0.20 samples are not reproducible, and cor-
respond to alloys of lower Mn concentrations. For
x,=0.15 and 0.20 the alloys are then constituted by a
microscopic, finely divided eutecticlike structure with a
very fine MnTe phase in a PbTe-rich background. How-
ever, homogeneous Pb;_,Mn,Te has been prepared up to
x,=0.115. This result is in agreement with that of Vanu-
yarkho,!! who reported that the solubility limit of MnTe
in PbTe is x=0.12. Indeed, the highest composition of
manganese in Pb;_,Mn,Te alloys for which physical
properties have been reported is x =0.12.12 Up to now,
however, only the Soviet “school” has published data with
Mn compositions larger than 4 at. %. The homogeneous
samples (x, <0.12) can be characterized by the chemical
formula Pb;_,Mn,Te with x =x,, without any ambigui-
ty. For the x, =0.20 sample, however, such notation is no
longer justified. For convenience, we shall still refer to
this sample as the “x=0.20 sample,” keeping in mind
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FIG. 3. Variations of the lattice parameter a as a function of
the Mn concentration x in Pb;_,Mn,Te. The solid curve out-
lines the low-concentration range where a linear law is observed.

that this notation does not have any chemical signification
in this particular case.

III. MAGNETIC MEASUREMENTS

All the samples presented a deviation from the Curie
law at low temperatures (below 1 K). This will now be
shown to correspond to a mictomagnetic or a spin-glass
transition.

A. Characterization of the spin-glass state

The most prominent feature associated with the ex-
istence of frozen spins without long-range order is the
shift of the magnetization curve relative to the applied-
field origin, yielding remanent magnetization for field-
cooled samples. Since this remanent magnetization is usu-
ally small, the spin-glass properties of the systems are
studied for low cooling fields so that irreversible effects
may be compared to the reversible ones. The results are
reported in Figs. 4—6. The cooling field is H=160 G ex-
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FIG. 4. Magnetic susceptibility of Pb;_,Mn,Te for

x =0.026, measured in a field of 16 G. Experimental points are
represented by solid circles for the total magnetic susceptibility,
open circles for the reversible part of the susceptibility, and tri-
angles, for the irreversible part proportional to the TRM.
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FIG. 5. Magnetic susceptibilities of Pb;_,Mn,Te for x =0.20
[curve (a), left scale] and 0.05 [curve (b), right scale], in a field
H =160.4 G. Experimental points are represented by open cir-
cles for the total magnetic susceptibility and solid circles for the
reversible part of the susceptibility.

cept for x,, =0.026 where H=16 G, because in this latter
case the irreversible effects were even smaller. For higher
cooling fields, the maximum of susceptibility can still be
observed, but is is more rounded. This is a common
feature of spin-glasses."? The freezing temperature T, de-
fined by the susceptibility cusp is reported in Table I for
the various samples investigated. Since the magnetic
properties of the sample depend on their history below T,
it is important to specify the procedure used in the experi-
ments.

The samples have been cooled from over T, to T < T,
in a field H. The corresponding magnetization is the so-
called total magnetization M, (T,H). We have checked
that the chosen magnetic field H is always small enough
so that M,,(T,H) o« H. It follows that we can define the
total magnetic susceptibility by

X T)=Mo(T,H)/H . 3.1)

If at a constant temperature T < T, the applied field H
is suddenly removed, we are left with the thermo-
remanant magnetization #(T,H,t) (outside of

x=0.114

M/H (1074 emy g 6)

1.0 L 1 BT 1 1 L 1
0.0 0.5 1.0 1.5 2.0
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FIG. 6. Magnetic susceptibility of Pb,_,Mn,Te for x =0.114
in a field H=160.4 G. Experimental points are represented by
open circles for the total susceptibility and by solid circles for re-
versible susceptibility.
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mathematical constructions, we will use the acronym
TRM) and since we are in the low-field limit, we can de-
fine the reversible susceptibility as

M (T,H)— 4 T,H,t)
i .

Here ¢ is the time after the withdrawal of the external
field H. Then the field is applied before any change of
temperature. In most spin-glasses, the relaxation time 7
above which the remanant magnetization has dropped is
long, perhaps say hours or even days, so that the time
dependence of x ., (T,t) can be neglected at the time scale
of the experiments (¢~0). Such is not the case for
Pb;_,Mn,Te mainly because the lowest temperature
available is still important compared to T,. This is illus-
trated in Fig. 7 where we have reported .#,, (T=0.1 K,
H,t) as a function of In¢, for H =10 G and 160.4 G, in the
case x, =0.026. It then appears that 7~1 min in our sam-
ple. For technical reasons, it was not possible to reach the
limit ¢ ~0, and all the curves X,.(7T,t) plotted in Figs. 2
and 4 are for t=20s.

There is no cusp in the total susceptibility curve
Xl T,H). This is a common feature of spin-glasses.!*
The x=0.026 case, however, is singular, because
X T,H) is not saturated at low temperatures (T < T,).
Such a behavior is usually observed in materials such as
Eu,_,Sr,S at low magnetic impurity concentrations,'’
where the results are interpreted in terms of magnetic
clustering rather than spin-glass behavior.! However, in
such a case the reversible part of the magnetic susceptibili-
ty should also increase as T is decreased below T, due to
the contribution of the “loose” spins to X,.,, which satis-
fies a Curie-Weiss law. This has been clearly observed in
Cd,_,Mn,Te (Ref. 16) and in spinels.'” Conversely, in
Pb,_,Mn, Te the reversible susceptibility decreases mono-
tonically upon cooling below the temperature of the cusp
T,, even for small Mn concentrations, x ~0.026. This is
the standard behavior of magnetic spin-glasses, and

X ey (Tot)= (3.2)

TRM(103emu)
H
1

Int

FIG. 7. TRM as a function of neperian logarithm of time in
Pb,_,Mn,Te for x =0.026, at a temperature 7=0.1 K, after
field cooling in 1043 [curve (a)] and 1604 G [curve (0)]. The
time is expressed in s.
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indeed, in this material T, can be considered as the tem-
perature of transition towards a spin-glass state. This
difference is due to the fact that in Pb;_,Mn,Te, the in-
direct exchange interactions are supposed to be long
ranged, so that they can drive a collective freezing of the
magnetic spin at low temperatures, contrary to the case of
Cd;_,Mn,Te, where the interactions are short ranged.
This will be discussed in more detail hereafter.

For completeness of our characterization of the spin-
glass state, we have explored the magnetic field depen-
dence of #, (T=0.1,M,t=20 s) for various samples
(Fig. 8). The TRM goes through a maximum and then
decreases. At still higher magnetic fields, the TRM is ex-
pected to saturate at a value .#,(7,t), where .#, is the
remanent magnetization (RM outside of mathematical
constructions) independent of M. In practice, however, it
was difficult to determine .#,, either because the RM
value was reached at too high a magnetic field (large x), or
because .#, was too small (small x). Then, the TRM
(shown in Fig. 9 for x =0.15) is very small at low tem-
perature, and a rapid drop of the TRM is observed just
below T, (0.6 K for x =0.15). This is in contrast with the
classical behavior of .#(T) in spin-glass which is linear
for small cooling fields!® or exponential-like when the
TRM is saturated.!’

B. Magnetic properties above T

Above T, the thermoremanent magnetization vanishes.
There is no longer any irreversible effect, and the low-field
magnetic susceptibility is defined by
—g

We found that X(T) defined above obeys a Curie-Weiss
law,

X(T)= lim (3.3)
M—0

T=0.1K

TRM (1072 emu/g)

H (kG)

FIG. 8. TRM in Pb;_,Mn,Te as a function of the magnetic
field for various concentrations x, at temperature T'=0.1 K, and
time 1 =20s.
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FIG. 9. TRM as a function of temperature in Pby gsMng ;sTe

at various magnetic fields H =100 (curve 1), 200 (curve 2), 1500
(curve 3), and 2500 G (curve 4).
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for all the samples investigated, up to 100 K. x. is the
effective concentration x of loose manganese ions, not
frozen in antiferromagnetic clusters, N is the number of
unit cells, g is the Lande factor, up is the Bohr magneton,
and kjp is the Boltzmann constant. X has been deduced
from Eq. (3.4), assuming that S=+ and g=2 for the
Mn?+ ions. The Curie-Weiss law is illustrated in Fig. 10
for x,=0.114 in the entire range 4.2 <7 <100 K. The
values of ® and x4 for the various samples are reported
in Table I. Morris had already reported that a Curie-
Weiss law was obeyed in this range of temperatures.”’
Moreover, we have found that the same law is obeyed
down to the temperature T ~2T,, as shown in Figs. 11
and 12 for x <0.11. For x=0.15 and 0.20, a slight down-
wards curvature of X ~!(T) is observed, giving a Curie-
Weiss temperature depending on the temperature range

125 T T |
x=0.114
100 =
3
£
© 75} —
~N o,
o
(2]
o
Z 50 -
T
>
25 -
0 | | |
(o} 25 50 75 100
T (K)

FIG. 10. Inverse of the magnetic susceptibility in the super-
paramagnetic range of temperatures for Pb,_,Mn,Te with
x=0.114.
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TABLE 1. Characteristic properties of the Pb;_,Mn,Te samples studied in this paper. x.g is the effective manganese concentra-
tion not frozen in spin clusters in the superparamagnetic phase, as deduced from magnetic data. xJ; is the theoretical value, taking
into account the formation of antiferromagnetic pairs and assuming a random distribution of the Mn ions in the matrix. ® is the
paramagnetic Curie temperature. The footnotes denote, for the heterogeneous samples, the temperature ranges (used to fit the mag-

netic susceptibility curve by the Curie law) on which ® depends.

Xeff x ot (C] T p I
Samples (at. %) (at. %) (X) (K) (cm™3) (cm?V-—1g-1)
Pbo.o7eMno,o2Te 1.52 1.89 —0.07 0.25
Pby.osMng osTe 2.46 2.70 —-30 0.50 22% 10" 450
Pby.gssMng 114Te 6.06 2.67 —1.8 1.0 6.5 10" 4
Pbo.essMa. arTe 9.09 2.18 :g'gb 0.6
Pbo.oMio e 272 1.37 e 0.35 6.3%10'6 28
*1<T<42K.
%5 < T <20 K.

explored (see Table I). The fact that x,x.¢ means that
above Tg, the system is in a superparamagnetic state
characterized by isolated antiferromagnetic clusters of Mn
ions embedded in a paramagnetic matrix. This result is in
qualitative agreement with those reported for
Cd; _,Mn, Te alloys.'®?! Using a more quantitative point
of view, however, we notice that the concentration
X, —X¢r of Mn spins inside the clusters, which do not
contribute to the magnetic properties (below 100 K), is not
very different from the values we have previously reported
for Cd;_,Mn,Te,'® except for x,=0.20. For compar-
ison, we found x.;=0.03, 0.04, and 0.056 for x,=0.05,
0.10, and 0.20, respectively, in Cd;_,Mn,Te. Galazka
et al.?! concluded that there is a large deviation of the
repartition of Mn ions with respect to the statistical distri-
bution in this material. The similarity of the results ob-
tained in Pb;_,Mn, Te and Cd;_,Mn,Te makes this in-
terpretation more questionable. In fact, quantitative cal-
culations of x. can only be made in the limit of small
Mn concentrations. In that case, only two configurations

T T T T T
2 ]
> (a)
E [)
[
~
o
< |
o
~ (b)
N (a): x=0.05
x
(b): x=0.20
0 1 | | | 1
I 2 3 4
T(K)

FIG. 11. Inverse of the magnetic susceptibility above Tg,as a

function of temperature for Pb;_,Mn,Te at concentrations
x =0.05 and 0.20.

of Mn ions have a significative probability to occur in a
statistical distribution, namely single ions and pairs. Since
the pairs are antiferromagnetically coupled by the strong
superexchange interaction, the only Mn ions which contri-
bute to the magnetic properties in the range of tempera-
ture investigated are single ions. In the fcc lattice each
atom has 12 first neighbors, so that the value of x in a
statistical distribution is

Xegp=x,(1—x,)1%. (3.5)

The values of x & are also reported in Table I for com-
parison with the value deduced from experimental data.
The agreement of x % and x4 is very good for x, <0.05.
At higher concentrations, where larger clusters enter into
account, Eq. (3.4) underestimates the value of x. for ob-
vious reasons: Owing to the frustration of the antifer-
romagnetic interactions specific to the topology of the fcc
lattice,”>?* the internal exchange field may locally vanish
for certain manganese ions which, however, have one or
several Mn first neighbors. Such manganese ions also
contribute to the magnetic susceptibility, as do the single
ones. This process is not considered by Galazka et al.?!
and is not taken into account in Eq. (3.5). On the other

T T T T T T
1.5 Js
- (a) x = 0.084
S L (b) x=0.114 i
= )
Z (a) -~
1.0f d, =
K i
> .
< L
o >
~ <
- (©]
1 os|- Z
= =
II
=
0.0k

-5

T(K)
FIG. 12. Inverse of the magnetic susceptibility above Tg in
Pb;_,Mn, Te for x =0.084 and 0.114.
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hand, Eq. (3.5) supposes that the range ot the magnetic in-
teractions is limited to first neighbors; a longer range is
more realistic and implies a lower value of x.¢. Then, any
detailed calculation becomes not only difficult, but also
hazardous, because it requires some hypothesis on the
strength and range of magnetic interactions between Mn
ions. Qualitatively, however, the good agreements be-
tween x o observed in Pb;_,Mn, Te and Cd,_,Mn,Te for
x, ~0.11 indicates that at this concentration the deviation
of the Mn distribution from the statistical one is insignifi-
cant. It is clear, however, that such a deviation exists in
Pbg soMng 59Te where x.¢ drops to 0.027. This result is
clearly associated with the fact that the limit of dilution
x, of Mn in Pb;,_,Mn,Te is much smaller than in
Cd;_,Mn,Te, and it points out the heterogeneity of
Pby goMng oTe, as evidenced in Sec. II.

In the range 100 < T <300 K, the susceptibility curve
X(T) is dominated by the contribution of manganese pairs
in antiferromagnetic clusters, which are frozen at lower
temperatures due to the direct superexchange interaction.
This explains the very large values of the paramagnetic
Curie temperatures reported in Ref. 5. It is clear, howev-
er, that the pertinent parameter ® must be deduced from
data at lower temperatures, since the frozen clusters do
not provide any significant contribution to any physical
property at T < 100 K, which is just the range of tempera-
tures of interest where the physical properties of semimag-
netic semiconductors distinguish this class of materials
from canonical semiconductors.

Equation (3.4) is an indication that the molecular-field
approximation can be used to describe the magnetic prop-
erties above Ty, or at least above Tj. To check this im-
portant hypothesis, we have measured the magnetization
curves M(H) above T, for fields up to 10 kG using a
Foner-type vibrating-sample magnetometer. The results
for x,=0.114 are reported in Fig. 13. In a molecular-
field theory, the magnetization is given by the Brillouin
law,

M(xeff,T,H)=xeffNoSB5/2(gﬂBSH/kB(T+®)) . (3.6)
T T T T T T T T T T
Pbo ge Mng 114 Te . °° *
oT=1.70K o i
sy oT=3.05K o
aT= 4.25K _.‘
3
ok o* ]
13 Tt
os} * E
0.0 L 1 1 Il 1 1 L
0 2 4 6 8 10
H(kG)

FIG. 13. Magnetization curve as a function of the magnetic
field above the freezing temperature in Pby gsMng 114Te. Circles
and triangles represent experiment points. The solid curves are
theoretical, according to the Brillouin law.
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By, is the Brillouin function for the spin S=3. To be
self-consistent, ® and x.¢ are chosen to be the same as the
parameters derived from Eq. (3.4) and low-field suscepti-
bility data. It follows that Eq. (3.6) does not contain any
unknown parameter. A very good quantitative agreement
between experiments and the theoretical law in Eq. (3.6)
has been found for the whole range of magnetic fields ex-
plored, 0 < H <10 kG, down to the temperature T, ~2Ty.
A similar agreement has also been observed for
Cd,_,Mn,Te.!®?* At smaller temperatures, we still find
that Eq. (3.4) is satisfied in the low magnetic field limit, as
can be seen in Fig. 13; at higher fields, however, very sig-
nificant deviations of the experimental curve from the
Brillouin law in Eq. (3.6) are observed, with a magnetiza-
tion lower than the predicted value. This result estab-
lishes the limit of validity of the molecular-field approxi-
mation which breaks down below a temperature
Ty (H) > T, with Ty ~2T, at H ~10 kG.

Sherrington and Kirpatrick (SK) have developed a
mean-field theory for spin-glasses, in absence of magnetic
field (SK model).” The SK solution is indeed stable in
the paramagnetic phase (T’ > T), but not in the spin-glass
state where a negative entropy is found. This is consistent
with the fact that T (H—0)=T,(H=0)=T, and the
fact that Eq. (3.4) was satisfied down to the lowest tem-
peratures investigated above T, in our samples. However,
in the presence of a magnetic field H, the SK solution is
stable at temperatures T > T,(H), where To(H) < Ty is the
de Almeida—Thouless instability line.”® Our results show
that there is a range of temperatures T,(H) < T < Ty(H)
where the molecular-field approximation is not valid, with
the magnetization M (H) departing from the value predict-
ed by the Brillouin law. T,,(H) can be considered as the
reciprocal function of the law H,,(T) representing the
crossover line Curie—non-Curie paramagnet which has
been evidenced in Cu:Mn.?’ Although more general ex-
pressions can be derived,?® the development of the mag-
netization in terms of odd powers of H is generally used,

M=A,(T)H—A;(T)M*+A5(T)H>+ - - - .

A((T)=X(T) is the first-order magnetic susceptibility
given by Eq. (3.4), but the higher-order susceptibilities
A3,As,. .. diverge at T,. This behavior has been con-
firmed experimentally by several authors in the spin-glass
(Ti, Vi_x),03 (Ref. 29) and in the metallic spin-glass Cu-
Mn.* Following the authors of Ref. 30, we have plotted
M /(XH) vs H? in Fig. 14. The initial slope of this curve
is the coefficient 43, which is found to increase by a fac-
tor of 15 between 3.05 and 1.70 K for the x =0.114 sam-
ple. We have investigated the 4; coefficient in detail in
the close vicinity of T, and in low fields (H <500 G).%!
Contrary to what has been observed in Cu-Mn, this coeffi-
cient does not diverge with [T/(T —T,)]". If the diver-
gence of A; is taken as a criterion for a “transition” in
spin-glasses, there is no transition in Pb,_,Mn,Te.

1V. DISCUSSION

The spin-glass temperature T, does not depend signifi-
cantly on the carrier concentration. This is clearly evi-
denced by comparison of the data in Table I. In particu-
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FIG. 14. Variations of M /XH vs H? in PbgMny 114Te at
two temperatures: 3.05 and 1.70 K. M is the magnetization in
the field H and X is the low-field magnetic susceptibility. The
slope of the curves is the coefficient of H?® in the series develop-
ment of the magnetization vs H.

lar, the two samples which have similar values of x.g,
namely x.g=2.46X 1072 have also similar values of T,
although the carrier concentrations differ by 3 orders of
magnitude. It follows that the intraband indirect ex-
change mediated by the free carriers (RKKY interaction)
does not contribute significantly to the freezing process.
A further evidence of this conclusion is provided by the
analysis of the paramagnetic Curie temperature ® which
is always negative, even for the highest carrier concentra-
tion p=2x10" cm™3. For such carrier concentrations
(p < 10%° cm—3), however, the jelliam approximation does
apply and the RKKY interaction is essentially ferromag-
netic, leading to a positive contribution to ®. Two
reasons may explain why the RKKY interaction is negli-
gible in Pb;_,Mn, Te. First the mobility of the free car-
riers is much smaller than in Sn;_,Mn,Te or
Ge;_,Mn, Te where the RKKY interaction is strong
enough to drive a ferromagnetic ordering. The RKKY
coupling constant then reads

2
J(Rij)‘_—g_’n-'LJs%iF(zkpRij e —Ry; /A ,

4 Ep (4.1)

where F(y)=(siny —y cosy)/y* is the range function, A is
the mean free path of the holes, k. is the Fermi wave vec-
tor, and Ey is the Fermi energy. The exponential factor is
actually a strong damping in Pb;_,Mn,Te. Second,
nuclear-magnetic-resonance experiments have revealed
that the exchange integral Jy between the free carriers
and the localized Mn spins is very small.** Since Jy
enters to the square in the expression of J(R;;), a small
value of Jy,; strongly contributes to make the RKKY ex-
change inefficient.

We can also notice that the same samples with
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Xesr=9.46X 1072 and x.=2.72X10~2 have quite dif-
ferent values of x,, and then a quite different number of
Mn spins frozen in antiferromagnetic cluster, although
they have almost the same value of T,. We can then infer
that the Mn ions frozen in clusters do not participate to
the spin-glass freezing. This is confirmed by the quasilin-
ear variation of T, as a function of x g, evidenced in Fig.
15. We can understand this effect as follows. Antifer-
romagnetic clusters of Mn ions are formed under the ef-
fect of the superexchange interaction. Such interactions
are short range in nature and cannot drive a collective
freezing of the magnetic spins unless the concentration x
of Mn ions is larger than the critical percolation threshold
x., namely 0.136 in the fcc lattice, for interactions extend-
ing up the next-nearest neighbors.3* Indeed, we have
shown!® that the spin freezing of Cd;_,Mn,Te could be
interpreted in the framework of a spin-cluster blocking
theory, since the range of the magnetic interaction is
smaller than the mean distance between Mn ions. In par-
ticular, no cusp of the magnetic susceptibility has been re-
ported in Cd;_,Mn, Te for x <0.15. Oseroff et al.*> have
observed such a peak only at x > 0.15, this critical concen-
tration being very close to x,.

The existence of a spin-glass freezing at lower Mn con-
centrations in Pb;_,Mn, Te suggests the onset of a long-
range indirect interaction. For a semiconductor with par-
abolic conduction and valence bands characterized by ef-
fective masses m, and m,, respectively, Abrikosov has
shown that the interband exchange is of the form?3¢
3/2
am,my

Jose(R;;)=7—>"2
eff( lj) T m, +my,

—aR,.j .
X [2me+mi)] ™S Y(Ry)
i

(4.2)

¥(R;;) is an oscillating factor. For nonparabolic bands,
such as in Pb-Te, the range function is more complex and

T T T 1 l 1
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FIG. 15. Variations of the spin-glass temperature T, as a
function of the effective concentration x.s of Mn spins not
frozen in the superparamagnetic configuration.
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is replaced by a Bessel function,®” which, however,

changes the results only quantitatively. The important
feature is that in semiconductors with a large gap E,, the
damping coefficient

a=[2E,(m,+m;)]'"? (4.3)

is large, and the interaction decreases exponentially with
the distance. This is the specific property of the
Bloembergen-Rowland interaction,*® and the experimental
situation met in Cd,_,Mn,Te. In small-gap semicon-
ductors such as Pb;_,Mn, Te, however, « is small and the
interband indirect exchange becomes long ranged. Let us
now investigate the properties of the function 1. If one of
the bands has its extremum at the center of the Brillouin
zone and the other one has valleys at wave vectors I_{,, we
have’®

Y(Ry)= 3 cos(K;'Ry) , (4.4)

[

the generalization to Pb;_,Mn, Te where both the con-
duction and valence bands have extrema at the L points is
trivial and reads

P(R;)= cos[(K;—K,,)R;], (4.5)
Lm

where K; and I—{m are wave vectors belonging to the set
(111). It follows that fi, —ﬁm is a reciprocal-lattice vec-
tor and all the cosines entering ¥(R;;) are equal to unity.
So we are left with the puzzling result that in this very
particular case, the interaction does not oscillate and is al-
ways ferromagnetic.’” Nevertheless, the spin-glass freez-
ing which is associated with the concept of frustration im-
plies the existence of oscillations in the long-range ex-
change interaction. Such oscillations in 1/1(§,-j) are re-
stored by the existence of a finite carrier concentration,
since the virtual electron-hole transitions are possible for
electron states at an energy Er and not at the extremum of
the band. Then, ¥(R;;) oscillates with a period of oscilla-
tions k7! such as RKKY interactions. However, for the
low carrier concentrations available, k7' is very large so
the interband exchange still remains essentially ferromag-
netic, as the RKKY exchange interaction.

We are thus led to the conclusion that the two-band
model which neglects spin-orbit interaction is not suffi-
cient to properly calculate the indirect exchange interac-
tion. In fact, six bands are separated only by spin-orbit in-
teractions at the L points,> and not only two. This gives
rise to new interband interactions which on the average
could be negative. A similar situation is met in europium
. chalcogenides where interactions between p, f, and d
bands compete,*® except that in that case the interactions
are short ranged because the energy gaps are large.

The violation of the Brillouin law at T=1.7 K can be
considered as a pretransitional effect, the spin-correlation
function being strongly affected by the application of a
magnetic field at a temperature close to T,. Further evi-
dence of this interpretation will be provided by the
analysis of transport properties in the same range of tem-
peratures and magnetic fields.

ESCORNE, MAUGER, THOLENCE, AND TRIBOULET 29

V. TRANSPORT PROPERTIES

Transport properties are known to be very sensitive to
the band structure. That of PbTe is rather complex, but
has been extensively studied and is well known. Weak
field magnetoresistance,*! ~=# piezoresitance,**5 measure-
ments of de Haas—Van Alphen,*® and Shubnikov—de
Haas*"*® effects, as well as Azbel-Kaner cyclotron®3! ef-
fects, have shown that the extrema of the principal
valence band are located at the L points of the Brillouin
zone, and that the constant energy surfaces for the four
valleys issuing from the L points are prolate in the [111]
direction. Evidence for the population of lower-energy
valence-band valleys has been found in the tempera-
ture’>% and pressure® dependence of the Hall coefficient
and in the temperature dependence of the electric suscepti-
bility mass.> Band-structure calculations®® have account-
ed for the existence of secondary maxima of the valence
band located along the = axis. Let us denote AE, as the
energy gap between these two types of valence-band extre-
ma. A simplified picture of the band structure is reported
in Fig. 16. Optical-absorption data’’ suggest that
AE, ~0.08 eV at 300 K, while analysis of the temperature
dependence of the Hall coefficient>> results in a gap of
about 0.15 eV at 0 K, and thus

d AE,
dT

in eV/K. For comparison, the energy gap between the top
of the valence band and the bottom of the conduction
band is E, =0.32 eV (Ref. 58) at room temperature, and
decreases upon cooling at a rate®

~—2X107%, (5.1)

dE
—L% —49%x107%, (5.2)

dT

in eV/K. These data allow us to adjust the relative posi-
tion of the bands for PbTe, as illustrated in Fig. 16.

Pb,_,Mn, Te alloys have been much less investigated.
The only study of transport properties reported to our
knowledge after the pioneer work of Toth et al.? is the ac-
curate work of Vinogradova et al.,!* but only high tem-
peratures were explored (100 < T < 800 K). The data were
explained by an increase of E; and a decrease of AE, as

c
Eg
—————————— {aEe,
/\—
Vo
T=0K

FIG. 16. Relative positions of the conduction and valence
bands in PbTe as a function of temperature. The extrema of the
conduction band and of the valleys v, are at the L point. v, is a
second set of valleys along the = axis, belonging to the same
valence band as v;.
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x, is increased. This result is in agreement with optical
measurements®® which provided a more quantitative ex-
pression of the variations of E; with x,, (in units of eV),

dE,
dx

It is our purpose in this section to investigate the trans-
port properties of Pb,_,Mn,Te, and to not only investi-
gate the influence of manganese on the energy spectrum of
holes in PbTe, but to also study the scattering of holes by
the Mn ions. Although we will report measurements up
to T=300 K, attention will be focused on low-
temperature results (1.5< T <4.2 K). The first advantage
when dealing with low temperatures is that transport
properties are not smoothed by the spreading out of the
Fermi energy. Second, electron-phonon scattering is small
and, as we shall see, the holes are scattered by the thermal
Mn spin fluctuations.

All the samples were p type. The transport properties
of the x, =0.05 and 0.20 samples were found to be very
similar, which is due to the fact that x ¢ is about the same
in both samples (see Sec. III). The resistivity curves for
x,=0.114 and 0.20 are reported in Fig. 17. At high tem-
peratures, the resistivity goes through a maximum, at
T ~160 K for the x, =0.114 sample and T ~60 K for the
x,=0.20 sample. This feature is not associated with the
existence of Mn ions because it was also present in the
resistivity curve of the PbTe matrix. Moreover, such a
feature was not observed by other authors,*® so that this
bump of resistivity may be just an extrinsic property, and
is probably associated with some resonant impurity intro-
duced with Pb or Te. Two sharp anomalies at T=20 K
for x,=0.114 and T~90 K for x, ~0.20 were also ob-
served, but were not explained. In the range 4.2 < T <15
K, the resistivity is practically independent of tempera-
ture, and the hole concentration p deduced from the Hall
coefficient was also constant. This is illustrated in Fig. 18
where we have plotted the variations of the Hall resistivity
as a function of the magnetic field for the x =0.20 sam-
ple. Strictly speaking, p is the “apparent” hole concentra-
tion, because an anisotropy factor r enters the expression

~1.3. (5.3)
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FIG. 17. Resistivity curves of Pb,_,Mn,Te for x=0.114
[curve (a), left scale] and 0.20 [curve (b), right scale].
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FIG. 18. Hall resistivity as a function of the magnetic field
for Pbg goMng 2 Te, at various temperatures. The slope of the
curve is the Hall coefficient.

of the Hall coefficient as a function of p,’” as in SnTe.
However, this factor is close to unity for all carrier con-
centrations, and we shall neglect it for practical purposes.
The hole concentration p and the Hall mobility u at 4.2 K
are reported in Table I.

Measurements were also performed in the range
1.5<T<4.2 K. Except for the x,=0.114 sample, the
resistivity was a constant in this range of temperatures as
it was in the range 4.2<T <15 K. For the x,=0.114
sample, however, a very large decrease of the resistivity,
by a factor 10* is observed, as can be seen in Fig. 19. The
Hall resistivity is reported as a function of H in Fig. 20 at
T=4.2 and 2.18 K. At the lower temperature, this quan-
tity was difficult to measure, and the dispersion of the ex-
perimental points is large, especially at low magnetic
fields. We have analyzed elsewhere®® the reasons for such
a dispersion of the data when the resistivity depends
strongly on temperature, which we observed in other mag-
netic semiconductors. The high-field data, however, are
accurate enough to provide a determination of the Hall
coefficient, and then a value of p. As can be seen in Fig.
20, the variation of p between 4.2 and 2.18 K, if any, is at
most a factor of 2. This means that the drop of resistivity
by a factor of 10* is due to a variation of the mobility and
not to a variation in the number of carriers. Also, this
large increase in the mobility of the holes upon cooling is
not due to the onset of some superconducting state. The
reason is that the application of magnetic fields available
in the experiments, namely H <50 kG, did not remove
this effect: We shall see hereafter that there is only a
factor-of-3 difference between the magnetoresistance at
T=1.45 and 4.2 K at H ~50 kG. Such a high magnetic
field should have canceled any superconducting effect.
Also a superconductor is characterized by a strong di-
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FIG. 19. Resistivity curve of PbgggsMng 14Te at low tem
perature. Solid circles represent experimental points.

amagnetic susceptibility. We have seen in Sec. III that the
sample is paramagnetic, even if the magnetization is lower
than that predicted by the Brillouin law.

We are thus led to the hypothesis that the large change
in the hole mobility between 1.45 and 4.2 K for x,=0.114
is due to a change in the valence-band structure, namely a
crossing between the light-hole valleys v; issuing from the
L points and the heavy-hole valence valleys v, issuing
from the X axis. This interpretation is consistent with
predictions on the valence-band structure. When taking
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FIG. 20. Hall resistivity as a function of the magnetic field
for Pby ggsMng 114Te at low temperatures. Circles represent ex-
perimental points. The solid curve is the linear curve deduced
from a least-squares fit of the data at T=4.2 K. The dashed
curve is deduced from the mean-square fit of the data at
T=2.18 K at magnetic fields H > 10 kG.
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into account the relative values of E, and AE, in PbTe re-
ported above, the comparison between Egs. (4.1) and (4.2)
shows that AE, is expected to vanish for E,~450 meV,
and then, according to Eq. (4.3), such an energy gap is ex-
pected for x=0.11 at low temperatures (a value of
E,~0.46 eV has been reported in Ref. 59 at 10 K for
x=0.10). The scheme of the valence band for the
x =0.114 sample is then illustrated in Fig. 21: At T <4.2
K, the holes occupy the light-hole valleys v;. Then at
T ~4.2 K, there is a crossing between the two valence-
band extrema, under the effect of the temperature coeffi-
cient, which, for such Mn concentrations, is*®
dE; /dT ~1.7X 10~* eV/K, and the free carriers are then
heavy holes in the v, valleys. To avoid some of the ambi-
guity encountered in the literature, it is worth noticing
that v, and v, are different valleys belonging to the same
valence band.” In particular, the crossing between v, and
v, cannot be considered a valence-band crossing.

The magnetoresistance at 1.45 and 4.2 K is reported for
x,=0.114 in Fig. 22, and for x,=0.20 in Fig. 23. The
magnetoresistance measured in the experiments is the sum
of two separate contributions,

(Ap/P)meas=(Ap/Plaor+ (AP /P)mag -

(Ap/p)yor is the normal positive magnetoresistance of the
matrix, which has been studied in detail for PbTe.*!—%
(Ap/p)mag is the contribution coming from Mn spin fluc-
tuations. For x,=0.114, (Ap/p),o: is negligible and we
can write, within a good approximation,

(Ap/P)meas=A0/P)mag -

According to Fig. 22, (Ap/p)lny,, is essentially positive
and goes through a maximum at H ~25 kG. This can be
understood as follows. As one approaches T, from above,
the spin correlation at short distances increases due to the
antiferromagnetic coupling between Mn ions. The appli-
cation of a magnetic field first opposes this antiferromag-
netic arrangement, which increases the spin fluctuations
and the diffusion of the free carriers. So the resistivity
first increases. Then, a further increase in H leads to the
onset of partial ferromagnetic arrangement, which dimin-
ishes the spin fluctuations and then the resistivity. The
field H ~25 kG for which Ap/p is maximum then ap-
pears as the order of magnitude of the field which
“breaks” the antiferromagnetic coupling of the Nyx .4 Mn
ions responsible for the spin-glass behavior at lower tem-
peratures.

T =10K

T=0K

FIG. 21. Tentative diagram representing the band scheme of
Pbg sssMng 114Te at low temperature. Notations are the same as
in Fig. 16.
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FIG. 22. Magnetoresistance [p(H)—p(0)]/p(0) as a function
of the magnetic field for x =0.114 at two low temperatures.

For x,~0.20 or 0.05, x. is very small (~0.025), so
that now, (Ap/p)yer and (Ap/p)mag have the same order of
magnitude (the Mn spins frozen in clusters, in concentra-
tion x, —x.s, do not contribute to the magnetoresistance
at such temperatures). We can see in Fig. 23 that a bump
in the magnetoresistance curve is superimposed on the
positive background (Ap/p),, outlined by the dashed
curve. A priori, this bump looks like a Shubnikov—de
Haas oscillation. However, the very low mobility of the
free carriers makes observation of any oscillation of that
kind even at H ~50 kG impossible, and the nature of this
bump must be very different: It can be considered the
(Ap/p)mag part of the magnetoresistance similar to that
reported in Fig. 22, but with a reduced magnitude, super-
imposed on (Ap/p)uor- (Ap/p)mag has quite the same field
dependence as the x =0.114 sample, except that the mag-
netic field H at which (Ap/p)y,g is maximum is slightly
shifted at lower magnetic field (H ~ 15 kG), which is con-
sistent with the fact that the antiferromagnetic interac-
tions and the freezing temperature T, are smaller than in
the x=0.114 sample. The temperature dependence of
(Ap/p)mag is also the same as for the x=0.114 sample,
namely (Ap/p)mag increases as T’ decreases because then
the temperature becomes closer to T, and spin fluctua-
tions are enhanced. At low magnetic fields, it can be seen
in Fig. 23 that (Ap/p)me.s is negative, which is a canonical
behavior of spin-glasses®! on both sides of T,.

VI. CONCLUSION

Below 100 K we have established that the molecular-
field approximation gives a good description of the mag-
netic properties down to very low temperatures
(Ty~2T,). We found that the paramagnetic Curie tem-
perature @ is very small for all the concentrations. This
result is in agreement with previous data, not only of Ref.
6, but also of Ref. 5 if we restrict ourselves to low tem-
peratures (7 <100 K). Moreover, ® was negative at all
Mn concentrations. This is in opposition to theoretical re-
sults predicted by the Abrikosov model®® of the indirect-
exchange mechanism in such semiconductors. This model
predicts that the indirect-exchange interaction in the limit
of vanishing carrier concentrations is ferromagnetic. Liu
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FIG. 23. Magnetoresistance [p(H)—p(0)]/p(0) for x =0.20
at temperatures 7'=4.2 and 1.45 K.

and Bastard’” emphasized that a crossing between valleys
v; and v, would even increase this ferromagnetic interac-
tion, since new channels are then opening up for electron-
hole excitations. This conclusion of Ref. 37, however,
may not be true. The reason is that the function ¢(R;;) in
Eq. (4.2) associated with the contribution of the extrema
of the valence band along the = axis at wave vectors K,
reads

YRy =3 cos[ () — k) By] .

e,m

This is a form similar to Eq. (4.5), with K; the wave
vectors of the set (111) corresponding to the valleys of
the conduction band at the L point. The difference is that
K)—K,, is no longer a reciprocal-lattice vector, so that
¥(R;;) is now an oscillating function. It follows that the
existence of an extremum of the valence band along the =
axis gives rise to a long-range interband interaction oscil-
lating as a function of the distance. Such an interaction
does not increase ferromagnetic interactions, but generates
frustrations in the magnetic interactions which are re-
quired for the spin-glass behavior. This may explain why
magnetic properties did not show any particular anomaly
in the x =0.114 sample, where we have reported some evi-
dence of a crossing between v, and v,. Further experi-
ments are required to confirm the crossing of these valleys
which is already consistent with an anomalous behavior of
the thermoelectric power observed for x =0.1.!2

The deformation of the valence band is also responsible
for the considerable drop of the hole mobility associated
with the presence of manganese in Pb; _,Mn, Te, since the
energy gap increases with x, as does the mass of density of
states at the Fermi level.
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