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Magneto-optical intraband and interband experiments on epitaxial Pb,_,Mn,Te samples with
Mn contents x <29% are reported. A direct observation of spin-flip transitions of electrons and
holes is performed down to magnetic fields of less than 0.05 T by using coherent anti-Stokes Raman
scattering experiments. g factors are determined as a function of magnetic field as well as a function
of temperature. All experimental data are well accounted for by treating the exchange interaction
between the mobile carriers and the localized 3d electrons of the Mn2" ions in a mean-field approxi-
mation. In this many-valley semiconductor with conduction- and valence-band extrema at the L
point of the Brillouin zone, four exchange integrals are relevant. These integrals have opposite
influence for the conduction and valence bands, and the exchange-induced effects are much larger
for holes than for electrons. The data and their interpretation yield conclusive evidence against the
“zero-field splitting,” i.e., a finite energy difference of spin-split states in zero magnetic field (“free
magnetic polaron”) in Pb,;_ Mn, Te with x <0.02. The upper limit for the binding energy of a free
magnetic polaron, if it exists at all, is less than 0.05 meV in Pb, _ ,Mn, Te, a value determined by the
remaining experimental uncertainty. Although the experimental magneto-optical transition ener-
gies are perfectly fitted by the molecular-field approximation, their temperature dependence reveals
the necessity for temperature-dependent exchange parameters, which is beyond a mean-field ap-
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proach.

I. INTRODUCTION

Diluted magnetic semiconductors (DMS), or “‘semi-
magnetic”’ semiconductors, are semiconducting alloys
with substitutional magnetic ions. They exhibit a variety
of interesting magnetic, magneto-optical, and transport
properties.!

Apart from A1 Mn, B"Y' compounds, diluted mag-
netic cubic IV-VI compounds which crystallize in the
rock-salt structure have attracted considerable interest.?
The incorporation of Mn?*t or Eu?" into the PbTe (Ref.
3) or PbSe (Ref. 4) lattice causes a more or less rapid in-
crase of the energy gap with the paramagnetic-ion con-
tent.

It was found that the antiferromagnetic interaction be-
tween the Mn?" ions in the IV-VI materials>® is smaller
than that in the corresponding narrow-band-gap II-VI
compounds. The Eu-Eu exchange effects in Pb, _, Eu, Te
are even weaker than the Mn-Mn interaction in IV-
VI host materials, as expected.” However, in a qua-
ternary (or pseudobinary) IV-VI compound, in
Pb,_,_,Sn,Mn, Te with high tin contents (y=0.7) a

carrier  concentration (p>10* cm™3  induced
paramagnetic-ferromagnetic transition was found.®®
40

Thus, in the magnetic phase diagram the carrier concen-
tration is an additional parameter apart from the Mn
content and the temperature, an effect so far only found
in the IV-VI-compound-based DMS. Recently, also in
Pb,_,Eu,Se with Eu contents x above 2%, evidence for
magnetic ordering effects were observed.'®

The first investigation on the exchange interaction be-
tween free carriers and localized Mn spins in
Pb, _,Mn,Te was performed by Kossut et al.!! Subse-
quently investigations on transport and cyclotron reso-
nance,'? interband magneto-optical transitions in
Pb,_,Mn, Te (Ref. 13), and laser emission in Pb; _, Mn,S
(Ref. 14) were carried out. Karczewski and von Orten-
berg!® even deduced a zero magnetic-field splitting of the
energy gap in Pb,_ Mn,S from the laser emission experi-
ments. From their magneto-optical experiments Pascher
et al.’ concluded that there is an additional contribution
to the spin splitting of Landau states which is nearly in-
dependent of applied field between about 1 and 7 T. The
experimental interband data on Pb,_,Mn, Te extrapolat-
ed from the high-field region to zero magnetic field result-
ed in a nonvanishing spin splitting of the valence-band
states. Consequently it was concluded that the mean-field
approach, in which the carriers experience an averaged
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effective field of the Mn spins, is insufficient for the prop-
er description of the IV-VI compound DMS materials.'®

It is the purpose of this paper to report systematic
studies on magneto-optical properties using n- and p-type
Pb,_,Mn, Te samples with 0.006=<x =0.019. For this
range of compositions the magnetic properties are by
now well understood.!’

In Sec. II we sketch the mean-field theory of the ex-
change interaction in cubic IV-VI compounds; in Sec. III
experimental details are presented. Results on magneto-
optical interband and intraband experiments are present-
ed in Sec. IV together with their analysis. In this section
also spin-resonant four-photon mixing experiments are
described which give extremely precise information on
the magnetic field and temperature dependence of spin-
split states both in the conduction as well as the valence
band. In Sec. V we discuss the determination of the band
structure and of the four exchange parameters. A de-
tailed discussion on the temperature and magnetic-field
dependence of the g factors for electrons and holes is
given. In Sec. VI, the Conclusion, we summarize our ex-
perimental and theoretical findings.

II. CALCULATION OF LANDAU STATES: MEAN-
FIELD THEORY FOR IV-VI COMPOUNDS

The k-p band model for the lead compounds has been
derived by several authors. In the following we use the
notation of Adler et al.'® which treat exactly the interac-
tion of the upper most valence-band and the lowest
conduction-band level, whereas the interaction with two
more distinct conduction and valence levels is treated in
k* approximation. The 4 X4 matrix Hamiltonian for the
calculation of the Landau states resulting from this pro-
cedure is given in Ref. 18.

Pby,Mn,Te

x =001
eT=25K
| aT=11K

120

(o) O
o (=)

W
(=)

MAGNETIZATION M/x (emu/g)

1 1 " 1 I

A 6 8 0

(=)

0 2
MAGNETIC FIELD (T)
FIG. 1. Magnetization vs temperature for Pb,_,Mn,Te,

x =0.01. Experimental data for 7=2.5 K (@) and T=11 K
(A). Solid lines: Results of calculation using modified Brillouin
function [T,(2.5 K)=0.7 K, §,=2.25; Ty(11 K)=0.15,
S,=2.25].
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FIG. 2. (a) Dependence of Landau states in the conduction
band of Pb,_,Mn,Te (for ®=90°) and in the valence band on
the magnetic field for 7=1.8 K. (b) Asin (a) but for T=11K.
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For Pb, _,Mn, Te with rather small Mn contents x we
assume that the sequence of energy levels is not altered
with respect to PbTe. In the spirit of the mean-field ap-
proximation!® (MFA) an exchange matrix is added to the
4X4 matrix Hamiltonian.!>!32%21 This 4X4 exchange
matrix contains off-diagonal terms which cause a strong
mixing of Landau states with different spin and Landau
quantum numbers. In order to calculate the energies of
the 07 and 0~ Landau states of the conduction and
valence bands a 12X 12 Hamiltonian FH=X~+Y is used
where X has three 4X4 blocks according to Eq. (8) of
Ref. 18 along the main diagonal for the Landau quantum
numbers n=—1,0, and +1.

The exchange matrix ¥ is given by Eq. (1) of Ref. 21.

It contains the modified Brillouin function with S, and -

T, as fit parameters usually determined from magnetiza-
tion data.” The matrix elements a,c and b,d are functions
of four exchange parameters as defined in Refs. 12, 13,
and 20 for the valence (A4,a,) and conduction band
(B,b,), respectively. These exchange parameters depend
on the four exchange integrals, four spin-orbit mixing pa-
rameters sin’0%, cos?0©™, and the angle y for the rotation
of the reference frame [see Ref. 18, Eq. (6)]. For this
ba1113d symmetry, the four exchange integrals are given
by

a=(R|J|R)/Q, 8=(S . |JIS,)/Q,

(1
B=(X, |JIX)/Q, B=(Z|J|Z)/Q .

The symmetry properties of X ,Z,R,S; are defined in
Ref. 18. J is the exchange-coupling constant. For the
calculation of higher Landau states the schemes for X
and ¥ have to be extended accordingly.

In order to determine S, and T, magnetization data as
a function of magnetic field and temperature are neces-
sary. In Fig. 1 theoretical magnetization curves calculat-
ed with the parameters given by Anderson and Gorska®
are compared with experimental data for one of our sam-
ples. Using these data and the exchange parameters
determined from fits to magneto-optical experiments in
Figs. 2(a) and 2(b), Landau levels for the conduction and
valence band are shown calculated for two temperatures
and $=90°. At T =1.8 K the exchange-induced correc-
tions alter drastically the magnetic-field dependence of
the Landau states causing even a positive slope of the 0~
valence-band level at small magnetic fields. For higher
temperatures the influence of the exchange interaction
decreases and the magnetic-field dependence of the Lan-
dau states resembles nearly the diamagnetic host materi-
al. It should be noted that the approach outlined above is
only suitable for the momentum kp =0.

III. EXPERIMENT

The Pb,_ Mn, Te samples investigated were prepared
by hot wall epitaxy (Elsinger et al.??), on cleaved BaF,
substrates. The samples have contents x ranging from
0.7% to 1.9% carrier concentrations (n or p type) from
1.2X 10" to 3.8 X 10'7 cm ™2 and electron mobilities up to
3X10° ecm?/Vs (at T=4.2 K for Mn contents about
1%). The hole mobilities are usually considerably lower
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than those of the electrons. The homogeneity of the Mn
content as a function of sample thickness was checked by
SIMS measurements, and it was found that in the epitaxi-
al layers its variation with the Pb;_,Mn Te film thick-
ness was less than 5% of the nominal Mn content.?

Magneto-optical interband transmission experiments
were performed with the samples either immersed in
superfluid helium or situated in an exchange-gas
chamber, for magnetic-field orientations Bjk|[111]
(Faraday geometry, using o ¥ and o~ circularly polarized
radiation) or in Voigt geometry with B||[110]||E or LE
(linear polarization). The samples were oriented with
respect to these orientations within an accuracy of 2°.
For the measurement of the transmission versus magnetic
field, either various CO-laser lines were used or those of a
CO, laser frequency doubled with an appropriately cut
Te crystal.!?

The magneto-optical intraband experiments were per-
formed either with a CO,-laser-pumped far-infrared
(FIR) laser employing light-pipe techniques and a Bitter
magnet coil or Fourier transform spectroscopy with the
sample situated in a split-coil magnet. Transmission ex-
periments in Faraday (B|k||[111], linear polarization)
and Voigt geometry (E|B||[110], k1B, linear polariza-
tion) were performed.

In order to measure directly the temperature and
magnetic-field dependence of the electron and hole g fac-
tors a setup for coherent anti-Stokes Raman scattering
(CARS) experiments operating in the infrared was used.
Two Q-switched CO, laser beams with frequencies w,
and wg generate in the Pb,_ Mn, Te sample radiation
with frequencies at w; ti(w; —w,), i being an integer.
The intensity at the anti-Stokes frequency w,g=2w; —;
is monitored as a function of magnetic field for several
fixed combinations w;,w,. The intensity I,g at w,g is
proportional to the square of the nonlinear susceptibility
X, which causes a resonant enhancement of I ,g, whenev-
er w; —w, corresponds to a Raman allowed transition.?*
In a magnetic field with orientation Blk, i.e., in Voigt
geometry, the most important resonance in the nonlinear
susceptibility is a spin-flip resonance,?’

ﬁ(wL W )=g*:uBBres ’ (2)

where g* is the effective g factor for the particular orien-
tation of B. The setup for the experiments is described in
detail in Ref. 24. Because of the high peak powers (2.5
kW, 100 ns pulse duration) of the CO, lasers, minority
carriers are photoexcited across the energy gap in n-type
as well as in p-type samples, and their respective g factors
can be determined together with those of the majority
carriers.?’ As outlined in Ref. 24, in these experiments
complicated line shapes occur due to the interference of
the resonant and nonresonant parts of the susceptibility:

2= NR 12+ [ 12+ [ 12420 Ry 3)

where yNR denotes the nonresonant part (which is
predominantly real in the frequency range of interest) and
X' and y"’ are the real and imaginary part of the resonant
contribution. Therefore either intensity extrema or
points of inflection correspond to the resonant magnetic
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fields. Whether extrema or point of inflections have to be
evaluated depends on the relative strengths of resonant in
comparison to nonresonant contributions. In general, the
resonant part is weak if the occupation difference of the
two spin levels is small, which is the case either for small
magnetic fields or for a small total number of carriers in
the initial state. Then B, corresponds to points of
inflection. For dominant resonant contributions B . has
to be taken at the intensity maxima. Further details of
the line-shape analysis of the CARS resonances are given
in Ref. 24.

The CARS method offers the particular advantage that
spin-split energies can be determined for magnetic field as
low as 0.05 T which is extremely important for the inves-
tigation of the semimagnetic properties of Pb; _ Mn, Te.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Interband magneto-optical transitions

In Fig. 3 a typical magneto-optical interband transmis-
sion as a function of magnetic field is shown for the two
circular polarizations 0" and o~ in Faraday geometry
for a p-type sample with x =0.006 at ¥=1959.4 cm~!. It
is evident that the resonant magnetic fields which were
taken to be at positions of the transmission minima are
different for the two polarizations in contrast to the PbTe
case. From a large number of such recordings taken of
various infrared laser frequencies fan charts were ob-
tained as shown in Fig. 4(a) for the Faraday configuration
and in Fig. 4(b) for the Voigt configuration. The solid
lines correspond to calculated transitions with the selec-
tion rules An =0, As==1 (Faraday geometry), An =0,
and As=0 (E||B). We would like to point out that the
mean-field theory of Sec. II is capable of explaining near-
ly all of the experimental data, even delicate features like
the crossing of several transitions as a function of B in
Voigt geometry [see Fig. 4(b)]. In Ref. 13 we have argued
that magneto-optical interband transitions provide some
evidence for a ““zero-field spin splitting,” i.e:, a splitting
of 07 (,17,27,...) and 0" (,17,2%,...) states for
B —0. We were led to this conclusion by a simple extra-
polation of the experimentally observed interband transi-
tion energies from higher fields to B—0 both in Faraday
and Voigt geometry. However, no experimental data
below B =1 T were available. For temperatures as low as
1.8 K the change of magnetization with field (Fig. 1) is
particularly strong and hence the influence of the ex-
change interaction of the Landau states as shown in Fig.
2. The bowing in the field dependence of the Landau
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FIG. 3. Interband transmission vs magnetic field for

Pb,_,Mn,Te with x =0.006 at T =1.8 K in Faraday geometry;
solid lines, o* circularly polarized radiation; dashed lines, o~
polarization.

states with small quantum numbers reflects itself in the
curvature of the transition energies in both configura-
tions.

In Faraday configuration, from the mere inspection of
the high-field data alone one is led to the assumption of a
magnetic-field-independent additional contribution to the
spin splitting of the Landau states. The reason for this
fact is evident from the data of Fig. 1, where the magneti-
zation is already near saturation for B>2 T even at
T=2.5K.

In Voigt geometry [Fig. 4(b)] one relatively strong
series of interband transitions is observed which does not
obey the selection rules An =0, As=0. It turns out that
a transition 0" (VB)—0"(CB), i.e., As=—1 is observed,
within the ®=35.26° valleys. & denotes the angle be-
tween the main valley axis of the surfaces of constant en-
ergy and the orientation of the magnetic field B. The al-
lowed transitions 01 (VB)—0"(CB) for ®=35.26° also
appears, whereas 0~ (VB)—0"(CB) is blocked due to the
position of the Fermi energy.

Experiments were performed on several samples with x
values up to x =1.9%. The band parameters from the
fits are given in Table I, the far band parameters!® were
kept independent of the Mn content (x <0.012) and are
given as follows:

TABLE I. Band parameters.

Sample PbTe Pb,_,Mn,Te Pb,_,Mn,Te Pb,_,Mn,Te
x 0 0.006 0.01 0.012
E, (meV) 189.7 209.8 221.9 225.7
2P /my (eV) 6.02 5.77 5.51
P, /Py 3.42 3.52 3.74
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TABLE II. Exchange parameters.

Mn content T (K) A (meV) a; (meV) B (meV) b, (meV) T, (K)
x=0.010 1.8 —182+£15 —288+15 —33+10 2745 0.7
x =0.008 1.8 —192+15 —315£15 — 6610 55+5 0.4
x =0.006 1.8 —225+15 —314xt15 50+5 0.8
x =0.006 3.5 —142+15 —279+15 —41t10 50k5 1.0
x =0.006 4.4 —124+15 —279+15 —51£10 51+5 0.7
x =0.006 12.0 —51£15 —288+155 59+5 0.5
m, /my=0.060, m{ /my,=0.505, in Adler et al. notation.'8
The exchange parameters are given in Table II. The
+ - + —
m;"/my=0.102, my /m;=0.920, exchange integral a (Ref. 20) turns out to be a= —305
g =—139, g7 =172, meV, independent of T (1.8~20 K) and of x (x <0.010).
N By is also independent of T and equals +225 meV (for
g =4.39, g =—2.61 x =0.006), whereas B} varies from 120 to 140 meV with
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FIG. 4. (a) Fan chart for interband magneto-optical transitions in Faraday geometry. @, A experimental data (0 ~,a*). Solid
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but for Voigt geometry B||[110]. Experimental data M, A in E||B polarization. Solid lines, calculated data for $=90°; dashed lines,
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T increasing up to 12.0 K. The value of 6 (which is the
most uncertain one) changes from —1700 meV at T=1.8
K to —5900 meV at T'=12 K (x =0.006).

In Faraday geometry at higher fields in excess of about
2 T the transitions n " (VB)—n (CB) as well as
n " (VB)—n T(CB) have nearly identical slope. In PbTe
these transitions almost coincide with each other. In Fig.
5 the energy difference between these two kinds of transi-
tions, AE, is plotted versus the energy gap of the samples
for the Mn contents up to 1.7%. With increasing Mn
content AE increases for five different samples nearly
linearly with the energy gaps.

B. Far-infrared spectroscopy

Magneto-optical intraband transitions in Faraday
geometry were investigated in a number of n- and p-type
samples to get independent information on the effective
masses and their anisotropy. Earlier investigations on n-
and p-type Pb, _,Mn, Te were presented in Refs. 23, 12,
26, and 27. For BJ|[111] two resonant frequencies associ-
ated with cyclotron transitions in the [111] (@, =0)
and in the three obliquely oriented (111) (®=70.53°)
valleys are expected. In samples with high mobility and
consequently long relaxation times with FIR laser spec-
troscopy both n~—(n +1)", n*—(n +1)" transitions
can be observed as shown in Fig. 6(a) for a n-type sample
with x =0.01. The identification of the resonance fre-
quencies is generally based on oscillator fits using a model
dielectric function®® since for laser energies #w, below
about 14 meV, fwrg <fiw; <fiwyg, where wtg and ;o
denote the TO and LO optic-mode phonon frequencies.
Thus, in this range the magnetotransmission experiments
are performed in the reststrahlen region where the reso-
nances are accompanied by dielectric anomalies. In addi-
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tion for transition energies close to #iw; o+ Eg(B), where
E;(B) denotes the magnetic-field-dependent Fermi ener-
gy, energy shifts due to polaron effects occur.?®*

In Fig. 6(b) for the same geometry results on p-type
Pb,_ Mn, Te are shown, obtained from the analysis of
magnetoreflectivity data taken with Fourier transform
spectroscopy. Since the mobility of the p-type samples is
lower, the transitions n " —(n +1)*, n " —(n +1)~ can-
not be resolved. The calculated transition energies, based
on the parameters from Tables I and II which were ob-
tained from optimum fits to the interband and the g-
factor data (see Sec. V) are in reasonable agreement with
the observed ones.

In Voigt geometry E||B, experiments were performed
again on n- and p-type samples with B|[110], i.e.,
$=35.26° and ®=90°. For the PbTe band structure just
the oblique valley cyclotron resonance (®=35.26°) is al-
lowed, whereas no cyclotron transition is possible for the
two ®=90° valleys. In Fig. 7 FIR transmission experi-
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FIG. 6. (a) (Upper half): Intraband magneto-optical transi-
tion energies as derived from cyclotron resonances for infrared
experiments in Faraday geometry. Two kinds of resonances as-
sociated with the ®=0° (@) and ®=70.53° (M) valleys are ob-
served. Solid lines: calculated data. (b) (Lower half): as in (a)
but for a p-type Pb;_,Mn, Te (x =0.01) sample. Due to lower
mobilities the two different transitions 1~ —0", 1T —0" are not
resolved experimentally.
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ments on n-type PbTe and n-type Pb,_, Mn, Te are com-
pared with each other. A strong second resonance is ob-
served at fields higher than the cyclotron-resonance tran-
sition. As already shown in Refs. 23 and 12, the second
resonance exhibits a strong temperature dependence and
vanishes at higher temperatures. Zawadzki'>3! has cal-
culated magneto-optical intraband selection rules based
on the exchange contribution, treating the nondiagonal
exchange terms as a perturbation. The nondiagonal
terms mix the conduction spin states as well as the
valence spin states and enhance additional combined
spin-flip resonances as well as pure spin-flip resonances.
In PbTe-like materials without magnetic ions such reso-
nances are very weak since they result from far band in-
teractions only. The observed transitions for several FIR
laser lines are summarized in Fig. 8(a) together with cal-
culated data (based on the parameters of Tables I and II).
From these data the additional transition seems to be a
spin-flip resonance in the oblique (¥ =35.26°) valleys.
Similar FIR results in Voigt geometry E|B||[110] for
p-type Pb,_ ,Mn, Te (x =0.01) are qualitatively different
as shown in Fig. 8(b). Again a cyclotron resonance of the
holes of the oblique valley (07 —1~,®=35.26°) is ob-
served together with an additional resonance which is
only observable for fields in excess of 2.5 T by Fourier
transform spectroscopy and may be hidden for lower
fields due to the dielectric anomaly associated with the

BIEN(170)
A=1188pm
T=1K

CR

n -Pb1-x MnxTe
x=0.012

TRANSMISSION (arb. units)

CR

0 1 2 3 4 5 6 7
MAGNETIC FIELO(T)

FIG. 7. Far-infrared transmission in Voigt geometry
E||B||[110]. In PbTe just the oblique valley resonance
(®=35.26°) is observed, whereas in Pb,_,Mn, Te an additional
resonance identified as spin-flip resonance occurs.

10 475

cyclotron resonance 0~ — 1. In Fig. 8(b) several transi-
tions are calculated as indicated. A spin-flip transition
(0~ —0") of the oblique (®=35.26°) valleys would be
indistinguishable from their cyclotron resonance, a com-
bined spin flip (CSF, 0~ —17) for the ®=90° valleys de-
viates at higher fields. Therefore the additional reso-
nance in p-type Pb,_,Mn, Te is likely to be a spin-flip
resonance of the ®=90° valleys.

Further experimental investigations, especially on the
temperature dependence of the observed resonances in
Voigt geometry in p-type Pb,__ Mn, Te are necessary to
obtain a more complete understanding. In addition cal-
culations on the oscillator strength of the transitions in-
volving spin flip are necessary for comparison as well.
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FIG. 8. (a) (Upper half): Experimental (@, A) and calculated
resonance positions in Voigt geometry (E|B||[110]) for n-type
Pb,_,Mn, Te together with identification. CR, Cyclotron reso-
nance; SF, spin resonance; CSF, combined spin-flip resonance.
(b) (Lower half): As in (a) but for p-type Pb,_,Mn, Te
(x=0.01) at T=4.2 K. Experimentally observed transitions
correspond to cyclotron resonance (@) in the oblique valleys
and to spin-flip resonance (A). The bowing is due to strong
effect of exchange interaction.
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C. CARS experiments

Figure 9(a) shows experimental data on the CARS in-
tensity for Aw=w; —w,=34.3 cm~ ! as a function of
magnetic field. The arrows indicate the resonance posi-
tions and (a) corresponds to the spin flip of photoexcited
electrons in the ®=90° valley. Both of the spin-flip tran-
sition of holes [(b), ®=90°, (d), ®=35.26°] are observ-
able. The spin-flip resonance of photoexcited electrons
for the ®=35.26" valleys (c) is not observed at T=1.8 K
since it coincides almost with that of the holes (b), which
is much stronger in the p-type sample. However, as the
temperature is changed (c) is observable and in Fig. 9(b)
the resonance positions are shown for the identical
Aw=34.3 cm~ ! as a function of T. Apparently, the
spin-flip resonances of the electrons (c),(a) shift only
slightly with increasing temperature to somewhat smaller
magnetic fields whereas the situation is opposite for the
valence band. The spin-flip resonance for the holes (d)
and (b) shift drastically to higher magnetic fields as the
temperature is increased. This shift is particularly pro-
nounced for the ®=90° valley [resonance (b)].

% p-Pbi,Mn,Te
2 x =0.006
S T=18K
> Aw=343cm?
— - —
@ Bi110]
=z
(V8
—
=
4
=z
o (@)
1 1 1 1 1 1
0 1 2 3 4 5 6 7
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=t dj|c) b} a)
g1 VB || (B VB B
= b 035264 0=35.26° $=90°  [0=90°
& 10F
w10
S
oor
5r
; (b)
O 7 3 L 5 6 1

MAGNETIC FIELD (T)

FIG. 9. (a) (Upper half): CARS intensity vs magnetic field
for Aw=34.3 cm™ ' at T=1.8 K. The transitions marked (a),
(b), (d) correspond to spin flip of electrons (®=90°) and of holes
(®=90°, »=35.26°"), respectively. Arrows indicate resonance
positions. (b) (Lower half): Temperature dependence of CARS
intensity resonances for both electrons and holes in the
$=135.26° and ®=90° valleys.
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Recordings as plotted in Fig. 9(a) were taken for a
large number of laser frequencies with different
w; —ws=Aw. In Figs. 10(a)-10(c) results on three sam-
ples with x =0.006, x =0.008, and x =0.01 at T=1.8 K
are summarized. From an inspection of the data it fol-
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FIG. 10. Results of CARS measurements (frequency
differences) as a function of magnetic field for x =0.006 (a),
x =0.008 (b), and x=0.01 (c) for B||[110] and T=1.8 K. Ex-
perimental data: @, calculated data for holes; solid lines for
®=135.26° and ® =90° valleys; for electrons, dashed-dotted lines
for ®=135.26° and ®=90° valleys.
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$®=35.26") and dashed-dotted lines for electrons (P =90°,
$=35.26°).
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FIG. 12. Temperature dependence of effective electron (A )
and hole g factors (@) for a magnetic field of B=0.05 T as de-
rived from CARS experiments. The solid and dashed-dotted
lines are just a guide to the eye.

lows that (i) the contributions to the spin-flip transition
energies induced by the exchange interaction are much
larger for the valence band than for the conduction band;
(i1) for fields in excess of about 2 T, the difference between
the spin-flip energies for electrons and holes for the ob-
lique ®=35.26° valleys as well as for the ®=90° valleys
changes only slightly with field [arrows in Figs.
10(a)-10(c)]. This energy difference is the same within
experimental error which is observed for interband
magneto-optical transitions in B|k geometry if energy
differences for the o and o~ polarized radiation
[0 (VB)—0"(CB), 07(VB)—0 " (CB)] are derived from
the experimental data.

The calculated transition energies are presented by the
solid lines in Figs. 10(a)—10(c) using the model outlined in
Sec. II. Actually, the four exchange parameters listed in
Table II as well as T, were determined from the fits
shown in Figs. 10(a)-10(c), whereas the two band param-
eters P, P, and the energy gap were obtained from the
magneto-optical interband transition energies. The far
band parameters were assumed to be identical to those of
PbTe.

The temperature dependence of these transition ener-
gies is quite dramatic, as shown in Figs. 11(a)-11(f) for
experiments performed up to 22 K for a sample with a
Mn content of x =0.006. This fact is particularly pro-
nounced for the hole—spin-flip transitions. With increas-
ing lattice temperature the sequence of spin-flip transition
energies becomes more and more PbTe-like apart from
the fact that the absolute values of the g factors are small-
er due to the larger gap. In Fig. 12 the effective electron
and hole g factors (calculated from the experimental
spin-flip energies at B=0.05 T are shown as a function of
temperature in the range 1.8-22 K). For B||[110] two
conduction- and two valence-band g factors are shown.
The most dramatic temperature shifts exhibits the g fac-
tor for the ®=90° VB valleys. The photoexcited elec-
trons in the ®=35.26° valleys are barely visible for this
Mn content.
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V. DISCUSSION

A. Band and exchange parameters

In order to obtain the band and exchange parameters
and their dependence on Mn content, which are listed in
Tables I and II, the following procedure was performed.
To determine the two band parameters like the minimum
energy gap, the two band momentum matrix elements
2P? /m, and 2Pﬁ/m0, fits to the magneto-optical inter-
band transitions were made with the far band parameters
m., m, g, g assumed to be identical to those of
PbTe (which were taken from Ref. 24). This assumption
seems to be valid for the rather small Mn content
(x <0.02) of the samples under investigation. It means
that neither the band ordering nor the energy separation
for the two higher conduction and two lower valence lev-
els at the L point of the Brillouin zone changes consider-
ably when Mn is introduced into the PbTe lattice, for
such small x values.

From the fits to the interband data it follows that with
increasing Mn content 2P?/m, decreases, whereas the
anisotropy value P2 /Pﬁ increases (see Table I). The
exchange-induced coefficients A4,a,,B,b, as defined in
Ref. 20 and T, are obtained from least-square fits to the
experimentally observed 0~ —O07 transitions, i.e., from
the CARS experiments which determine these spin split-
tings most accurately. Since in these experiments for
B||[110] two kinds of valleys (i.e., ®=35.26° and ®=90°)
yield two g factors both for the conduction as well as for
the valence band, all band and exchange parameters can
be determined unambiguously. S, is taken from fits to
the experimental magnetization data. In principle, from
the four parameters 4, a,, B, and b, the four exchange
integrals a,8 (VB) and [J’”,Bi (CB) (see Refs. 13 and 20)
can be calculated if the spin-orbit-mixing parameters ©%
(Refs. 32 and 33) were known with sufficient accuracy.

The exchange-induced effects in the valence band are
larger than in the conduction band. The parameter | 4|
decreases with increasing temperature which is astonish-
ing. Such a drastic variation of an exchange parameter is
a hint for a breakdown of the mean-field approach since
it demonstrates that the temperature dependence of the
hole g factors does not reflect the temperature depen-
dence of the macroscopic magnetization.

It should be stressed that the numerical values of the
spin splittings as derived from magneto-optical interband
experiments in Faraday geometry in sufficiently high
magnetic fields, which were already given partly in Ref.
13 for several samples with 0.006 <x <0.017 are in
agreement with the spin splitting obtained here from the
CARS experiments. The uncertainty of the determina-
tion of the spin splittings E(n+)—E(n ) is much larger
if interband transition data are used in comparison to the
much more accurate spin-resonant four-wave-mixing
data.

The far-infrared data on cyclotron and spin resonance
were not used as input parameters to the fits. With the
theoretical expressions as used, finite kz values cannot be
treated. Therefore the occupation effects, which are al-
ways present for the carrier concentrations in our sam-
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ples (see also Ref. 29), cannot be considered properly.
Thus the calculated transition energies based on parame-
ters from the interband and CARS experiments were just
compared with experimental far-infrared intraband
magneto-optical data. The overall agreement is reason-
able.

In the magneto-optical experiments in Voigt geometry
(with E|Blk, B||[110], k||[111]) new transitions were
found: In the interband data shown in Fig. 4(b), a new
spin-flip transition 07 (VB)—0~(CB) was found induced
by the Mn ions. In the intraband data again spin-flip
transitions were found both in the conduction band as
well as in the valence band (Fig. 8) besides the tilted-orbit
cyclotron resonance in the E||B Voigt geometry. These
observations demonstrate a modification of the selection
rules brought about by the interaction between the local-
ized Mn™ " spins and the free electrons as well as holes.
A calculation of the altered selection rules and their oscil-
lator strengths is in progress.®!

B. Effective electron and hole g factors

1. Magnetic-field dependence

The spin-resonant four-wave-mixing experiments pro-
vide an ideal means for the study of the magnetic-field
dependence of the spin splitting between the 0~ -07 states
both in the conduction and in the valence bands. In or-
der to check the mean-field approach used for the treat-
ment of the exchange interaction in this many-valley
semiconductor, in Fig. 13 experimentally derived g fac-
tors are plotted as a function of magnetic field together
with calculated data.

For an x =19% sample, four g factors are experimental-
ly accessible, two for the conduction and two for the
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FIG. 13. Magnetic-field dependence of effective g factors de-
rived from CARS experiments in B||[ 110] geometry (@ holes, A
electrons) with theoretical data (solid lines for holes, dash-
dotted lines for electrons including exchange interaction; dotted
lines, without exchange interaction, i.e., B dependence resulting
from nonparabolicity) for Pb;_,Mn, Te, x =0.01 at T=1.8 K.
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valence band. The common features are the following.
With increasing magnetic field the absolute values of the
g factors (i) decrease in the valence band for both kinds of
valleys; the relative change is larger for the ®=90° val-
leys than for the ®=135.26° valleys; and (ii) increase in the
conduction band for both kinds of valleys, the relative in-
crease being again stronger for the ® =90° valleys.

The mean-field approach yields an excellent overall
agreement for all four kinds of g factors involved. Only
for very small fields the experimentally derived hole g fac-
tors are appreciably higher than the calculated ones.

In order to demonstrate the effect of the exchange in-
teraction on the magnetic-field dependence of the
effective g factors, we note that nonparabolicity decreases
the g factors with increasing field for electrons and holes
for all types of valleys. In Fig. 13 theoretical values of
the magnetic-field dependence of the effective g factors
are plotted with and without exchange interaction for
0~ —07 transitions. With increasing field the effective
electron g factors in the dilute magnetic material ap-
proach the values of the host material from below,
whereas the actual hole g factors approach the corre-
sponding g factors without taking into account the ex-
change interaction from above. Figure 13 shows that the
exchange-induced effects in Pb; _ Mn, Te are appreciably
larger in the valence band as compared to the conduction
band.

The actual exchange constants a, 8 (CB) and B,B8,
(VB) were derived as a function of composition and tem-
perature. In order to calculate these values the spin-
orbit-mixing parameters ©F (Ref. 32) as given by Bernick
and Kleinman are used.>> The large absolute value of & is
most probably an artifact caused by the uncertainty of
sin@' (Ref. 33) and a small change of this parameter
drastically affects the value of §. Unfortunately, even the
general uncertainty in the spin-orbit-mixing parameters
©% is too large to derive reliable values for a, 8 (VB) and

BH,BL (CB). ’

2. Temperature dependence

In Fig. 12 the temperature dependence of the effective
electron and hole g factors is presented. At a first glance,
it seems that also the temperature dependence of the spin
splitting is accounted for by the mean-field theory, i.e., by
the temperature dependence of the macroscopic magneti-
zation. However, from fits similar to those presented in
Figs. 10(a)-10(c) to CARS data taken at various tempera-
tures apparently the exchange parameters are not con-
stant. The parameter A shows the most drastic variation
changing from —225 meV at T=1.8 K to —50 meV at
T=12 K. Even in the small temperature interval from
1.9 K to 4.4 K the decrease of | 4| is about a factor of 2.

If the MFA would entirely determine the temperature
dependence, then the observed energy difference AE be-
tween the spin splitting of the valence states minus the
spin splitting of the conduction states normalized to the
magnetization M would be constant, i.e., independent of
T. In Fig. 14 this ratio AE /M decreases significantly
with increasing 7. This effect is mainly caused by a tem-
perature dependence of the parameter 4 as given in
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FIG. 14. Energy difference AE =spin splitting in the valence
minus spin splitting in the conduction band, divided by magne-
tization as a function of temperature for Pb,_,Mn,Te,
x =0.006. Insert: Temperature dependence of the exchange pa-
rameter A.

Table II and shown in the insert of Fig. 14.

Of course, the variation of the exchange parameters
with temperature remains to be explained and suggests
that further modifications of the theory are necessary.

VI. CONCLUSIONS

In the past several magneto-optical experiments per-
formed in the field range above 1 T were interpreted as
giving evidence for a vanishing spin splitting of the
valence band at B—0 T in Pb;_,Mn, Te.!>!® This con-
clusion was mainly based on interband data which were
extrapolated to zero magnetic field.

However, the CARS experiments performed in the
magnetic-field range down to 0.05 T conclusively show
that the spin-flip transition energies tend actually to zero,
not only for the conduction band, but also for the valence
band for vanishing magnetic fields. With the aid of the
mean-field approach and with the use of experimental
magnetization data, the observed magneto-optical transi-
tions can be well understood. In this respect the only
difference to Hg,_,Mn, Te with similar Mn contents is
the simple fact that the exchange interaction in the
narrow-band-gap IV-VI compound is considerably weak-
er than that in Hg, _, Mn, Te.

The experiments presented here and their interpreta-
tion yield further details on dilute magnetic (semimagnet-
ic) semiconductors in a class of materials where the host
lattice is not of zinc-blende but of the rock-salt structure
with bond angles of 90°. Recently Gorska and Ander-
son!” have determined the nearest-neighbor (NN) ex-
change constants in several IV-VI compounds contain-
ing manganese, including Pb;_ Mn, Te. From high-
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temperature susceptibility measurements it turned out
that these NN exchange constants are of the order of 1 K
only which is about a factor of 10 smaller than those
found in dilute magnetic II-VI compounds. Estimations
based on the Anderson superexchange mechanism have
shown that indeed the difference in the crystalline struc-
ture between II-VI and IV-VI compounds leads to an
order-of-magnitude difference in the exchange interaction
with superexchange via the anions as the dominant mech-
anism.!’

In view of the rather small exchange constants for the
mobile-carrier—Mn-ion interaction and the fact that
these constants depend considerably on temperature, it is
not astonishing that only for very low temperatures and
low magnetic fields strong “semimagnetic” effects are
found, i.e., a strong dependence of the energy of spin-split
states on temperature and magnetic field. These effects
are much stronger for holes than for electrons and of op-
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posite sign. The temperature dependence of the exchange
parameters warrants further investigation.

Note added in proof. Zasavitskii et al.?>3¢ have re-
cently studied the spin splitting in semimagnetic IV-VI
semiconductors by photoluminescence techniques.
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