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Impurity-induced magnetism in Pb1ÀxÀyGexYbyTe
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We have studied the magnetic susceptibility and magnetization of the diluted magnetic semiconductor
Pb12x2yGexYbyTe. The susceptibility measured is a superposition of the matrix diamagnetism, the paramag-
netic contribution of electrons localized in the ytterbium-band, and the Curie-Weiss paramagnetism provided
by Yb31 ions. The concentration of Yb31 ions increases monotonically with the ytterbium content, while a
significant fraction of ytterbium ions remains in a nonmagnetic Yb21 state. This is explained within the
electronic band-structure model, assuming the ytterbium-derived donor states form an impurity band in the
vicinity of the valence-band top. In terms of this model the Yb31 concentration and electronic population of
the impurity band are determined as a function of the alloy composition.
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I. INTRODUCTION

IV-VI semiconducting alloys containing magnetic impur
ties ~Mn, Cr, Ce, Eu, Gd, Yb! form an important group of
diluted magnetic semiconductors, which have attracted m
attention due to the effects arising from the interaction
tween charge carriers and local magnetic moments.1–6 These
are, for example, carrier-concentration-induced magn
phase transitions in Mn-based alloys, resonant enhance
of f 2 f exchange in Sn12xGdxTe (x,0.05) at certain hole
concentrations, and the switch of the chromium magn
activity under variation of the composition i
Pb12xSnxTe:Cr. The key point of these effects is that th
are caused by a shift of the Fermi level with respect to eit
electronic band edges of the host semiconductor
d( f )-derived impurity bands.

Among the magnetic impurities listed above, ytterbium
the only one whose atom has a completely filled inter
electronic shell (4f 145s25p66s2). One can expect a nonmag
netic Yb21 (4 f 145s25p6) charge state from this impurity in
a crystal lattice of IV-VI alloys. Nevertheless, magne
Yb31 (4 f 135s25p6) ions have been revealed i
Pb12xYbxTe, Pb12xYbxSe, and Pb12xYbxS by electron para-
magnetic resonance.7 It has also been found that i
Pb12x2yGexYbyTe the electronic band of 4f -derived states is
situated in the vicinity of the valence-band top, and t
Fermi level is pinned at the 4f band.6,8 The impurity band
energy depends strongly upon the alloy composition, te
perature, and pressure—variation of these parameters re
in a shift of the impurity band with respect to the valenc
band edge: from resonant with the valence-band continu
to localization in the gap. However, no correlation betwe
the impurity band energy and the magnetic activity of ytt
bium has been established so far.

Therefore, the goal of this study is to examine the m
netic ion concentration in Pb12x2yGexYbyTe of various
0163-1829/2002/66~8!/085204~5!/$20.00 66 0852
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compositions. We suppose that a variation of Ge and
molar fractions would allow us to shift the impurity ban
energy with respect to the valence-band edge, as both im
rities are well known to increase the energy gap in
alloys.9,10 In addition, a variation of the Yb content shou
also change the total number of states in the impurity b
and may affect the magnetic ion concentration in the allo

II. EXPERIMENT

Two single-crystal ingots were grown for the present e
periments by the Bridgman method.11 The component ratios
in the pregrowth charges were the following: Pb12yYbyTe
(y50.015) and Pb12x2yGexYbyTe (x50.1,y50.005). The
cylindrical ingots grown were cut into thin disks, in whic
the ytterbium and germanium concentrations were chec
by an energy-dispersive x-ray fluorescence analysis. It
found that the ytterbium concentrationCYb attains its maxi-
mum at the origin, exponentially decreasing along the ing
The germanium concentration was measured to be quite
form all over the original part of the Pb12x2yGexYbyTe in-
got, CGe'2 mol. %, while there was a sharp increase
CGe at the end part. The samples for galvanomagnetic
magnetic studies were made from each representative d
for sample parameters, see Table I.

For sample preparation, each disk was cleaved in liq
nitrogen into bars with faces oriented along^100& directions.
For the magnetic measurements, combined samples ma
these bars of the total weight 0.7–0.8 g were glued onto
plastic holder. In each sample the temperature and magn
field dependences of the magnetization were measured u
a vibrating sample magnetometer EG & G PARCM155, de-
tecting the magnetic moment down to 531025 emu. Mea-
surements were taken from room temperature to 5 K, i
magnetic field up to 0.5 T. The magnetic field was produc
by an electromagnet and determined by means of H
©2002 The American Physical Society04-1
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TABLE I. Parameters of the investigated samples Pb12x2yGexYbyTe.

Sample x y NYb , cm23 p, cm23 at 4.2 K NYb31, cm23 NYb31 /NYb

1 0 0.0003 4.431018 2.3331018 — —
2 0 0.005 8.031019 1.2931017 1.131019 0.14
3 0 0.008 1.231020 3.6031016 1.731019 0.13
4 0 0.015 2.231020 1.7831016 2.431019 0.11
5 0 0.030 4.631020 4.6731015 6.631019 0.14
6 0 0.065 9.631020 — 8.431019 0.09
7 0.02 0.007 1.031020 — 9.731018 0.09
8 0.02 0.010 1.531020 — 2.431019 0.16
9 0.02 0.014 2.131020 — 3.731019 0.18
10 0.02 0.019 2.831020 — 7.631019 0.27
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probes. For the temperature variation a liquid helium g
flow cryostat equipped with a heater was used. Tempera
was controlled by a calibrated Cu-CuFe thermocoup
whose cold end was glued onto the sample face and the
one was immersed into a melting ice.

For the galvanomagnetic study, small bars (131
35 mm3) cleaved from each representative disk were us
Voltage and Hall contacts made of platinum wire we
welded onto the sides of the sample using a spark discha
Copper current wires were attached to the sample using
alloy of In with 4% Ag and 1% Au. In each sample the Ha
coefficient and the resistivity at 4.2 K were measured. All
samples revealed ap-type conductivity; the hole con
centration obtained from the Hall coefficient is presented
Table I.

III. RESULTS AND DISCUSSION

A. Paramagnetic susceptibility of ytterbium-band electrons

The magnetic susceptibilityx measured reveals a comp
tition between the diamagnetic and paramagnetic contr
tions ~Fig. 1!. Let us, first, analyze in detail the diamagne
part x0, gaining at a high temperature. It appears to be te
perature independent, so we determined thex0 values from a
saturation level ofx(T) curves atT'250 K. The diamag-
netic contribution is usually connected to a diamagnetism
the host semiconductor lattice. We have also found g
agreement inx0 values determined by us for very dilute
Pb12yYbyTe and the values known for lead telluride.12,13The
most interesting result observed is a monotonic reduction
the diamagnetic contribution~here we mean its absolut
value! with increasing Yb molar fraction. This reveals a par
magnetic susceptibility significant even at high temperat
and growing with ytterbium content. In rather dilute
Pb12yYbyTe a rapid, close to linear, growth of this parama
netism occurs, followed by a slower increase at higher
content~see the inset in Fig. 1!.

We attribute this paramagnetic contribution to the el
trons trapped in the impurity band, in analogy with one o
served earlier in lead telluride doped with thallium or in t
telluride doped with indium, similar to conditions of th
Fermi level being pinned at the energy of the impurity sta
situated in the valence band.14,15 In this case an additiona
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paramagnetic contribution to the magnetic susceptibi
should be controlled by the density of states at the Fe
level located within the impurity band. In order to confir
this hypothesis, we estimate the susceptibility of such e
trons theoretically, using the approach introduced in Ref.
The electrons in an impurity band, being free to mo
through the whole crystal, form a Fermi gas, whose s
susceptibility is given by

x5mB
2 ]nYb

]«F
, ~1!

wheremB is the Bohr magneton,nYb is the electron popula-
tion of impurity band, and«F is the Fermi energy. As pointed
out earlier, the Fermi level is pinned at the energy of t
impurity states in the alloys considered. Thus, in the lo
temperature limit, a number of trapped electrons can be
fined as

FIG. 1. Temperature dependence of the magnetic susceptib
in Pb12yYbyTe alloys of various ytterbium contenty: ~1! 0.0003,
~2! 0.005,~3! 0.008,~4! 0.015, and~5! 0.065. The inset presents th
high-temperature diamagnetic contribution as a function of yt
bium content.
4-2
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nYb5E
2`

«F
gYb~«!d«, ~2!

wheregYb(«) denotes the density of states in the ytterbiu
band. Combining Eqs.~1! and ~2!, we find

x5mB
2gYb~«F!. ~3!

Estimations ofgYb(«F) from Eq. ~3! show that density of
states in the impurity band increases from 1.631019 to 4.7
31019 cm23 meV21 with the ytterbium content. The den
sity of impurity states might also be estimated by dividi
the total number of the impurity states~see column 4 in Table
I! by the energy width of the impurity band. The latter w
estimated by us earlier as 5–10 meV.8 This method yields the
density of impurity states on the order of 1019 cm23 meV21,
which is in a good agreement with the one obtained from
magnetic measurements.

B. Low-temperature paramagnetism and concentration
of Yb3¿ ions

The paramagnetic susceptibility becomes dominating
low temperature, when its rapid Curie-like growth occu
~Fig. 1!. The low-field magnetization curves measured at 5
are linear, which is typical for the paramagnets~Fig. 2!. A
reciprocal paramagnetic contribution 1/(x2x0) increases
linearly with temperature~Fig. 3!, that allows one to deter
mine the Curie temperature and Curie constant for the al
of various Yb and Ge content as follows from the Cur
Weiss law:

x2x05
C

T2Q
, ~4!

where C andQ are the Curie constant and temperature,
spectively. The subtracted diamagnetic partx0 is the one
plotted in Fig. 1~inset!, individual for each alloy composi
tion.

FIG. 2. Magnetization of Pb12x2yGexYbyTe alloys at 5 K.~1!
x50.02, y50.01; ~2! x50, y50.015; ~3! x50.02, y50.019; ~4!
x50, y50.065.
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The experimental 1/(x2x0) curves intersect the absciss
at slightly negative temperatureQ521 –2 K, indicating a
rather weak antiferromagnetic exchange between the m
netic centers. The concentration of Yb31 single ionsNYb31

were then calculated from the Curie constants:

NYb315
3kBC

g2mB
2S~S11!

. ~5!

HerekB is the Boltzmann constant;g andS are theg factor
and effective spin of the ground electronic state, respectiv
The parameters of the Yb31 ground state in lead telluride
g52.52 andS51/2, we used were experimentally dete
mined by electron paramagnetic resonance in Ref. 7.

The magnetic ion concentration in the alloys is presen
in Table I, together with the total ytterbium contentNYb com-
puted from x-ray analysis data. Comparison of these d
sets reveals only 10–15 % of magnetic ions in Pb12yYbyTe,
independent of the total ytterbium content there. A differe
situation is observed in Ge doped alloys, where an incre
of the Yb content leads to a pronounced growth of the m
netic Yb31 ion fraction. Remarkably, in all the investigate
alloys, the concentration of magnetic ions increases with
terbium content.

C. Magnetic ion emergence and electronic band structure

For the sake of a clear understanding of the origin
magnetic ion in Pb12x2yGexYbyTe, let us refer to the charge
carrier energy spectrum in these alloys~Fig. 4!. In
Pb12xGexTe the free-carrier concentration is determined
electrically active native point defects of several types.17 The
dominating type of defects, metal vacancies, provides
acceptor levels; as a result, the Fermi level stays in the
lence band, and a free hole concentration is determined b
effective concentration of the native point acceptorsNi* ~left

FIG. 3. Reverse magnetic susceptibility corrected due to
diamagnetic share as a function of temperature
Pb12x2yGexYbyTe (x50.02) alloys.~1! y50.007, ~2! y50.010,
~3! y50.014, and~4! y50.019.
4-3
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section in Fig. 4!. Ytterbium doping introduces a donor im
purity band right above the valence-band top.8 A fraction of
electrons transfers from the impurity band to the empty sta
in the valence band, and the Fermi level becomes pinne
the energy of the impurity states~middle section in Fig. 4!.
By this redistribution of electrons, a fraction of ytterbiu
ions transfer from the Yb21 charge state~nonmagnetic! to
the Yb31 ~magnetic! state. Thus, if the impurity band is situ
ated above the valence-band edge, the concentration of m
netic ions should be exactly equal to the concentration of
empty electronic states in the valence band, arising from
native point defects.

As follows from Table I, the magnetic ion concentratio
in Pb12x2yGexYbyTe increases with Yb content, and s
should the native point defect concentration, as these de
are the only candidates to accept the electrons from Yb io
This effect, usually referred to as self-compensation,
known for many other doped IV-VI semiconductors: to t
benefit of the total electronic energy of a crystal the nat
acceptors are formed to compensate partially for the do
effect of doping.17 The rate of native defect formation i
Pb12x2yGexYbyTe is significantly less than the increment
the ytterbium content with doping. As a result, at a hi
enough ytterbium content, most of the impurity ions are
Yb21 state and the impurity band is almost filled with ele
trons ~right section in Fig. 4!.

The experimental dependenceNYb31(NYb) ~Fig. 5! allows
us to characterize the kinetics of magnetic ion formation
merically, and to compute the electronic population of t
impurity band in alloys of various ytterbium and germaniu
contents. According to the model introduced, the magn
ion concentration can be expressed as a sum of two co
butions:

NYb315Ni0* 1 f ~NYb!. ~6!

The first one,Ni0* , denotes the effective concentration
native defects in undoped alloys; it accounts for the fract
of magnetic ions arising due to the original stock of nat
defects. The second part,f (NYb), is a concentration of native

FIG. 4. Variation of the energy spectrum with an increase of
concentration in Pb12x2yGexYbyTe.
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defects~and magnetic ions! as a function of the ytterbium
concentration; it describes the formation of additional nat
defects with doping.

In order to define functionf (NYb), we setNi0* equal to the
free hole concentration in Pb12yYbyTe with minimal ytter-
bium content~sample 1 in Table I!. The corresponding con
stant concentration of magnetic ions is presented in Fig
~curve 1!. The experimental concentration of magnetic io
as a function of ytterbium concentration, plotted in Fig.
reveals f (NYb) as a power function. The exponent, dete
mined as a slope of dependence on a double logarith
scale, is very close to one in case of Pb12yYbyTe and is
accurately equal to 2 in the case of Pb12x2yGexYbyTe. We
obtained the best fit~solid curves in Fig. 5! using functions

NYb3152.33101810.11NYb , ~7!

NYb3152.33101818.5310222NYb
2 ~8!

for Pb12yYbyTe and Pb12x2yGexYbyTe, respectively.
Using approximations~7! and ~8!, a dependence of elec

tronic population of the impurity band was computed~Fig.
6!. In spite of the experimental values~expressed as a ratio o
filled impurity states to the total capacity of the impuri
band! are mostly gathered in a narrow range of 0.8–0.9,
approximations~solid curves! exhibit different behaviors. In
an imaginary case of a constant concentration of native
fects ~curve 1!, the electronic population of the impurit
band would grow from zero and tend to unity with the ytte
bium content. If the native defect concentration grows l
early, as in Pb12yYbyTe ~curve 2!, the electronic population
increases and comes to saturation at a certain value d
mined by the rate of defect formation@coefficient in Eq.~7!#.
In the case of a quadratic increase of the defect concentra
(Pb12x2yGexYbyTe, curve 3!, the electronic population o

FIG. 5. Concentration of magnetic Yb31 ions as a function of
ytterbium content in Pb12yYbyTe ~solid squares! and
Pb12x2yGexYbyTe ~open circles!. Curve~1! shows the dependenc
in the case of a constant concentration of native defects. Curve~2!
and ~3! correspond to linear@Eq. ~7!# and quadratic@Eq. ~8!# in-
creases of the native defect concentration, respectively.
4-4
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the impurity band increases, attains its maximum, and t
drops to zero. This happens because at a high enough y
bium content there are more native defects than impu
atoms in the alloys. Thus, for Pb12x2yGexYbyTe, any frac-
tion of occupied impurity states is possible.

FIG. 6. Electron population of the Yb impurity band as a fun
tion of ytterbium content in Pb12yYbyTe ~solid squares! and
Pb12x2yGexYbyTe ~open circles!. Curve~1! shows the dependenc
in the case of a constant concentration of native defects. Curve~2!
and ~3! correspond to linear@Eq. ~7!# and quadratic@Eq. ~8!# in-
creases of the native defect concentration, respectively.
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IV. CONCLUSIONS

Ytterbium impurity brings two contributions to the mag
netic susceptibility of Pb12x2yGexYbyTe alloys: a
temperature-independent paramagnetic contribution, at
uted to a huge concentration of electrons in the Yb-deri
band, and a Curie-Weiss paramagnetic contribution aris
due to the magnetic Yb31 ions.

In terms of the Curie-Weiss law, the concentration
magnetically active Yb31 ions and the Curie temperature
Pb12x2yGexYbyTe have been determined. It is shown th
the concentration of magnetic ions increases with the yt
bium content, whereas a significant quantity of ytterbiu
remains in a nonmagnetic Yb21 state.

The kinetics of magnetic ion formation with doping h
been analyzed. In Pb12yYbyTe the concentration of magnet
ions increases linearly with the ytterbium concentratio
while in Pb12x2yGexYbyTe alloys it follows a quadratic
function. Based on this result, the electronic population
the impurity level as a function of ytterbium content h
been established.
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