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The carrier mobility and the spin exchange between carriers and localized magnetic Mn im-

purities are studied in p-type PbTe:Mn alloys.

Using helicon propagation, the mobility mea-

surements lead to a value for the total manganese impurity cross section ggepe=5%107¢ cm?,
The linewidth of the Mn electron spin resonance is studied as a function of temperature, num-
ber of carriers, and manganese concentration. The carrier-dependent linewidth is explained
in terms of a Korringa mechanism. From this analysis, the exchange constant J=0.07 eV

is deduced. From this value of J, the spin-flip scattering cross section og=4x10"1 cm? is

calculated.

I. INTRODUCTION

In the last few years, there has been a rising
interest in the problem of magnetic impurities dis-
solved in various matrices. In particular, the in-
teraction between localized moments and conduc-
tion electrons in metallic dilute alloys has been
extensively studied.! Recently, preliminary work
has been carried out in semiconductors with the
main idea that one can modify an important param-
eter, the Fermi energy, by varying the carrier
concentration. The first alloys that have been
studied with this purpose are GeTe: Mn, SnTe: Mn,
and PbTe: Mn.>® However, the impurity concen-
trations used were too large to be able to observe
anomalies on the resistivity and on the magnetiza-
tion analogous to those already seen in the case of
localized moments in metals.

We have studied p-type alloys of PbTe: Mn by
electron spin resonance (ESR) and transport meth-
ods. For the transport measurements, we used a
rf method (helicon wave propagation) which gives
the mobility of the bulk material. From the mo-
bility measurements, we deduce the total scatter-

ing cross section of the manganese impurity. The
spin exchange interaction J is responsible for the
ESR linewidth due to the carriers. From the de-
duced value of J, we calculate the spin-flip part
of the cross section.

II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES

The alloys were prepared from PbTe and MnTe
with purities of 99.9999%. In order to avoid the
formation of manganese oxide, the MnTe was intro-
duced into the final ingot through a master alloy of
MnTe and PbTe. The method we used to obtain
single crystals was the following: A zone melting
with a very thin zone (5-10 mm) and low speed
(1 mm/h) was conducted on an ingot of PbTe along
which a measured quantity of powder of the master
alloy was homogeneously scattered. This method
provides good solid solutions, which are homo-
geneous a few centimeters away from each end of
the ingot, and avoids segregation.

Samples of 6X4x2 mm?® were wire cut and elec-
trolytically etched so that at least 300 u were re-

TABLE I. Concentrations and peak-to-peak experimental linewidths (in G) of the five samples studied.
Mn concentration Carrier Linewidth at
Sample (in ppm) concentration 4.2°K 77°K 300°K
(in cm™)
No. 10 150 3.4x1018 7 20 e?
No. 12 500 1.2x10 10 17 30
No. 9 1350 3.7x1018 14 27 60 b
No. 11 2000 1.2x10% 17.5 42 LR
No. 8 3000 3.2x1018 22.5 36 65

3The line was not seen at 300 °K because of the small Mn content.
PAs explained in the text, the line of sample 11 was too broad to be seen.
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FIG. 1. Typical helicon resonance curve at 4.2 °K.
Point A shows the onset of the resonances.
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moved from the surface to erase all traces of
mechanical treatment.

Table I lists the concentrations of the samples
we studied. The number of carriers was deter-
mined by helicon dimensional resonance and the
manganese concentration by an electron micro-
probe? and chemical analysis. We found that the
carrier concentration is independent of the quan-
tity of manganese present. The manganese is nei-
ther a donor nor an acceptor, showing that the Mn
energy levels do not lie in the gap.

The measurements were performed on a conven-
tional 10-GHz ESR spectrometer and on a nuclear
magnetic spectrometer previously used for helicon
experiments® with a frequency range of 2-16 MHz.

III. PRESENTATION AND INTERPRETATION OF
EXPERIMENTAL RESULTS

A. Resistivity and Impurity Cross Section

Pure PbTe has a very low resistivity at low
temperatures (~10 Q cm) due to the high mobility
of the carriers, over 10° cm?/V sec for the best
crystals. In our samples, the mobility is signifi-
cantly lower (2x10* to 2x10° cm?/V sec). The mo-
bility is deduced from helicon dimensional reso-
nances® which exist under certain conditions. Con-
sider a slab of thickness ¢ in which helicon waves
can propagate. The calculation of the complex
helicon impedance leads to two limiting cases for
t larger or smaller than the helicon penetration
depth 3. In the case £>>§, the helicon wave pene-
trates only a little into the sample and there are
no resonances. In the other case £ <0, there are
resonances when the sample contains a half-integer

number of wavelengths. Since helicon waves only
exist when a large dc magnetic field is applied,
there will be an onset of the resonances for a given
magnetic field (see point A in Fig. 1). This onset
is ruled by a condition of the form w,7~1. How-
ever, as explained in Ref. 6, the precise condition
at point A is

W T=q 3T , (1)

where ¢ is an integer such that 2¢g + 1 is the number
of half-wavelengths contained in the sample. Thus,
from Eq. (1) we obtain a value of 7 and, hence, of
the mobility. The accuracy of the absolute values
for the mobility is approximately + 20%. However,
this method determines directly the mobility, and,
being a rf method, avoids the difficulty of solder-
ing electrodes and of measuring very low resistiv-
ities.

The mobility is plotted on Fig. 2 versus the Mn
concentration. These results show that the mobil-
ity is limited by the manganese impurities, at
least for concentrations above a few hundred ppm.
We can therefore calculate the corresponding scat-
tering cross section from’

Ogcatt™= (77/3)1/3 (Ze/h)(l/uan/s) , (2)

where u is the mobility, N the impurity concentra-
tion, and z the carrier density. We find the value
Ogeatt=5X10718 cm?,
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FIG. 2. Carrier mobility at 4.2 °K, as deduced from
the abscissa of point A of Fig. 1. The mobility, except
for very low Mn content, is limited by manganese scat-
tering as shown by the —1 slope of the line. The num-
bers on the figure refer to the samples of Table I.
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B. ESR and Spin-Flip Cross Section

The ESR experiments were performed to mea-
sure quantitatively the weak exchange interaction
between the carriers and the manganese impuri-
ties. The six lines of the Mn hyperfine structure
have already been seen in Mn-doped PbTe, PbSe,
and PbS; however, when it was seen, emphasis
was put on PbSe: Mn and on the effect of the ma-
trix on the localized electronic wave function using
g-shift measurements.® In the present work, we
study the exchange interaction between the carrier
and localized electron spins by measuring the ESR
linewidth as a function of carrier concentration
and temperature.

The experimental data is shown in Table I. The
linewidth increases with temperature. At low
temperatures (4. 2 °K), one sees that the linewidth
is controlled by the Mn concentration; whereas,
for higher temperatures, the Mn concentration is
not the important parameter. In the following, we
will show that, at 77 and 300 °K, the carrier con-
centration is the dominant factor. At 300 °K, there

are rather large uncertainties in the determination
of the linewidths because they are of the order of
the hyperfine splitting. For sample 11, with the
highest concentration of carriers, the lines com-
pletely vanish.

To interpret our results we distinguish three
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FIG. 3. ESR linewidth measurements at 4.2 °K. At
this temperature, there is no contribution due to the
carriers and we see the effect of the Mn-Mn dipolar
broadening on the Mn resonance line.
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FIG. 4. Linewidth for several temperatures versus
carrier concentration after subtraction of the Mn-Mn
dipolar broadening. As shown by the three intermediate
samples, which have very different Mn concentrations,
the linewidth depends only on carrier concentration. The
curve is the calculated one, using the Korringa relation
[Eq. (3)] and the value for J of 0.07 eV. The above fit
is thus obtained with J as the only adjustable parameter.

contributions to the linewidth: (i) the width of a
single Mn atom in a PbTe matrix (excluding the
effect of the carriers), (iZ) the Mn-Mn dipolar
broadening, and (¢i¢) the width due to the effect of
the carriers, which we shall study in detail.

(?) Linewidth of a single Mn atom. In Fig. 3,
the measured linewidths at 4. 2 °K are plotted ver-
sus the manganese concentration. The experimen-
tal points fit well on a straight line which extrap-
olates to a value of approximatively 7 G. This
extrapolated linewidth is mainly due to the hyper-
fine interaction with neighboring nuclei and does
not vary very much with temperature.

(ii) Linewidth due to the dipolar broadening. At
4.2 °K, the effect of the carriers on the linewidth
is very small; therefore, we will neglect their
presence. The linear dependence (Fig. 3) of the
linewidth on Mn concentration is explained by a
Mn-Mn dipolar coupling. To obtain the contribu-
tion due to the dipolar broadening, we subtract the
extrapolated width of 7 G. This dipolar contribu-
tion is in complete agreement with the calculated
one using the moments method.® It is noted that
the impurity concentrations of our samples fall
well within the limit of high dilution where the di-
polar broadening is proportional to the concentra-
tion rather than to the square root of the concen-
tration.

(i4i) Linewidth due to the carviers. We have
subtracted the dipolar broadening from the experi-
mental linewidths and plotted the results in Fig. 4.
As we discussed above, the remaining width at
4. 2°K is that of a single Mn atom. We will attrib-

ute the increase of the linewidth at 77 and 300 °K
to the carriers. This carrier-dependent linewidth
depends only on carrier concentration as exempli-
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fied by the three samples (samples 8, 9, and 10 in
Table I), with almost the same carrier density,
which have nearly the same linewidth although they
have quite different Mn concentrations.

We interpret the dependence of the linewidth on
carrier concentration (Fig. 4) and its increase
with temperature in terms of a Korringa relaxa-
tion mechanism via a spin-exchange interaction
between localized electrons and carriers. We
write the spin-exchange partof the Hamiltonian as
JS-5(F) where § is the impurity spin and § (¥) the
carrier spin density. The PbTe: Mn alloys con-
tain two sets of spins: One set is attached to the
electrons on the Mn impurities with a g factor of
2, the other one to the conduction holes witha g
factor varying between 15 and 57 depending on
crystalline orientation.!® The two sets of spins
are coupled hy the exchange interaction JS- 5 ().
This situation of two systems of spins with quite
different g values is very similar to the relaxation
of nuclei by conduction electrons in metals where
the contact Hamiltonian AT.§ is responsible for
the relaxation. The relaxation time is obtained
from the Korringa formula®!

1/Ty=(641/R) 2 [p(ER)P RT . (3)

The condition of application of the Korringa mech-
anism to the problem of the relaxation of electron-
ic localized spins by carriers is discussed in the
Appendix.

The carrier density p(E z) has to be calculated
for each sample and each temperature; we used
the formulas given by Sapoval'? which take into
account the corrections for temperature and non-
parabolicity of the band. Thus, with p(Ez) and Eq.
(3) we obtain a value of J corresponding to each
experimental point of Fig. 4. The entire experi-
mental data is well explained by the value J=0. 07
+0.01 eV.

From this value of J we compute the spin-flip
scattering cross section due to the J§ -5 (T) term
in the Hamiltonian from!?

Os:=(3/20)(n/vpE p) J2S(S +1) . (4)

Since the Fermi velocity vz is not isotropic, we
have calculated an upper limit for oy, by taking the
smallest value for vz. We find 0, =4X10"° cm?.

IV. CONCLUSION

Our measurements give precise data for the
scattering of carriers by manganese impurities in
PbTe. We have measured the total scattering
cross section of a manganese impurity and the
spin-flip part of this cross section. The total
scattering cross section (0.1 =5X107% cm?) is
small, of the order of atomic dimensions; it has
the same value as that of several nonmagnetic
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donor impurities, for which the measured value
is 4x107'% cm?.! Another point to be noted is that
manganese is not a dopant in PbTe. Furthermore,
we studied the spin exchange between localized
electrons and carriers by measuring its effect on
the ESR linewidth. We measured the exchange
constant J=0.07+0.01 eV. This leads to a value
of the spin-flip scattering cross section (04 =4
x1071® ¢cm?) three orders of magnitude smaller than
that of 04,¢. Electron spin resonance was the
adequate tool to measure such a small spin-flip
scattering cross section. The consequence is that
we feel there is little hope of observing the effect
of the spin exchange on transport properties.
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APPENDIX

In this Appendix, we attempt to clarify the valid-
ity of using a Korringa mechanism to explain the
observed linewidth,

The physical picture is that of two systems of
spins placed in a magnetic field H with resonant
frequencies wg for the carriers and w, for the
localized spins. As long as the exchange coupling
between these two systems is small compared to
the energy difference 7(w, - w,), one can apply a
perturbation treatment which is precisely the Kor-
ringa calculation. This condition can be ex-
pressed as 1/7,< w, - w,, T being the lifetime of
a carrier spin due to the exchange interaction.

Furthermore, the longitudinal and transverse
relaxation times are equal in this case because of
the very short correlation time associated with the
Korringa relaxation process.

When the g factors of the two systems of spins
become approximately equal, or more precisely
when the exchange coupling becomes large com-
pared to the energy difference 7{w,~ w,), a pertur-
bation treatment is no longer valid. This is the
case of dilute magnetic impurities in metals. This
case has been treated by Ha).segawa,15 whose model
leads to a set of phenomenological equations in
which the transverse magnetization of the two spin
systems are coupled, whereas in the “Korringa
case”, they are not. This coupling leads to effects
such as the “bottleneck effect” found by Gossard
et al.'® Such effects cannot occur in our case be-
cause of the absence of a coupling between the
transverse magnetizations of the impurity and the
carrier spins.
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Regarding a dislocation as a row of weak scatterers, each having spherically symmetric po-
tential, a solution of the linearized Boltzmann equation in the presence of a set of parallel dis-
locations is obtained. The method consists of expanding the distribution function in terms of
spherical harmonics and, as developed here, it is exact for the monovalent metals. For poly-
valent metals there are additional contributions to the resistivity tensor which arise from the
diffraction peaks which occur when the electron wavelength is smaller than twice the interatom-
ic distance — these terms are estimated by the variational method. By allowing for other mech-
anisms (impurities) of scattering to be present, it is found that the dislocation resistivity pp de-
pends on the resistivity due to other mechanisms also. Numerical results for these deviations
from Matthiessen’s rule and for pp for randomly oriented dislocations in aluminum are obtained
by taking, after Harrison, the scatterers constituting the dislocations to be vacancies.

I. INTRODUCTION

This paper is mainly concerned with the problem
of solving the Boltzmann transport equation, and
hence calculating the electrical resistivity, for a
set of parallel dislocations treating each disloca-
tion to be a row of weak scatterers each having a
spherically symmetric potential. Such an investi-
gation is desirable for several reasons.

First, the preliminary investigation made by
Harrison! show that, though crude, the above mod-
el is not far from reality and it is of interest to
obtain a reliable estimate of the resistivity on its
basis. Parenthetically, it may be recalled that the
calculations, 2~ which consider the electron scat-
tering to arise primarily from the elastic strain
field associated with a dislocation, give values for

the resistivity which are at least an order of mag-
nitude smaller than the observed values. Second,
if our solution is extended to the case where the po-
tential due to the individual scatterers is allowed
to have radial asymmetry in the plane perpendicu-
lar to the row, the model would simulate the scat-
tering due to an exact arrangement of the ions near
the core of an edge dislocation.® Third, an exact
solution, if only for a simple model, is important
because it can be used as a guide to the reliability
of the various approximate procedures which have
been in use - or, if one wants to use the variation-
al technique, for constructing a suitable trial func-
tion.

The scattering probability of an electron due to
a dislocation is anisotropic, i.e., it depends not
only on the relative orientation of the incident and



