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Impurity-induced magnetism in Pb,_,_,Ge Yb,Te
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We have studied the magnetic susceptibility and magnetization of the diluted magnetic semiconductor
Pb, . ,GeYb,Te. 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 Yb*" ions. The concentration of ¥ ions increases monotonically with the ytterbium content, while a
significant fraction of ytterbium ions remains in a nonmagnetic Vistate. 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*Ylzoncentration and electronic population of
the impurity band are determined as a function of the alloy composition.
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[. INTRODUCTION compositions. We suppose that a variation of Ge and Yb
molar fractions would allow us to shift the impurity band
IV-VI semiconducting alloys containing magnetic impuri- energy with respect to the valence-band edge, as both impu-
ties (Mn, Cr, Ce, Eu, Gd, Ybform an important group of rities are well known to increase the energy gap in the
diluted magnetic semiconductors, which have attracted muclloys?'® In addition, a variation of the Yb content should
attention due to the effects arising from the interaction bealso change the total number of states in the impurity band
tween charge carriers and local magnetic mom&tftShese  and may affect the magnetic ion concentration in the alloys.
are, for example, carrier-concentration-induced magnetic
phase transitions in Mn-based alloys, resonant enhancement
of f—f exchange in Sp.,Gd,Te (x<0.05) at certain hole
concentrations, and the switch of the chromium magnetic Two single-crystal ingots were grown for the present ex-
activity under variation of the composition in periments by the Bridgman meth&tThe component ratios
Pb,_,SnTe:Cr. The key point of these effects is that theyin the pregrowth charges were the following:,PhYb,Te
are caused by a shift of the Fermi level with respect to eithe(y=0.015) and Pph , ,GgYb,Te (x=0.1y=0.005). The
electronic band edges of the host semiconductor ocylindrical ingots grown were cut into thin disks, in which
d(f)-derived impurity bands. the ytterbium and germanium concentrations were checked
Among the magnetic impurities listed above, ytterbium isby an energy-dispersive x-ray fluorescence analysis. It was
the only one whose atom has a completely filled internafound that the ytterbium concentrati@y,, attains its maxi-
electronic shell (41%55?5p®6s?). One can expect a nonmag- mum at the origin, exponentially decreasing along the ingots.
netic Yi#* (4f1%5s25p®) charge state from this impurity in  The germanium concentration was measured to be quite uni-
a crystal lattice of IV-VI alloys. Nevertheless, magnetic form all over the original part of the Rb, ,GeYb,Te in-
Yb3*  (4f'%5s?5pf) ions have been revealed in got, Cge~2 mol. %, while there was a sharp increase of
Pb,_,Yb,Te, Ph_,Yb,Se, and Ph_,Yb,S by electron para- Cg. at the end part. The samples for galvanomagnetic and
magnetic resonance.lt has also been found that in magnetic studies were made from each representative disk,
Pb,_,_,GgYb, Te the electronic band off4derived states is  for sample parameters, see Table I.
situated in the vicinity of the valence-band top, and the For sample preparation, each disk was cleaved in liquid
Fermi level is pinned at thef4band®® The impurity band  nitrogen into bars with faces oriented alofid0) directions.
energy depends strongly upon the alloy composition, temkFor the magnetic measurements, combined samples made of
perature, and pressure—variation of these parameters resulteese bars of the total weight 0.7—0.8 g were glued onto the
in a shift of the impurity band with respect to the valence-plastic holder. In each sample the temperature and magnetic-
band edge: from resonant with the valence-band continuurfield dependences of the magnetization were measured using
to localization in the gap. However, no correlation betweema vibrating sample magnetometeGR® G PARC M155, de-
the impurity band energy and the magnetic activity of ytter-tecting the magnetic moment down to<30 ° emu. Mea-
bium has been established so far. surements were taken from room temperature to 5 K, in a
Therefore, the goal of this study is to examine the mag-magnetic field up to 0.5 T. The magnetic field was produced
netic ion concentration in Rb,_,GegYb,Te of various by an electromagnet and determined by means of Hall
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TABLE |. Parameters of the investigated samples Rb,Gg,Yb, Te.

Sample X y Nyp, cm 3 p, cm % at 4.2 K Nypa+, cm S Nypz+ /Nyp,
1 0 0.0003 4,410 2.33x10'8 — —
2 0 0.005 8.x 10%° 1.29x 10~ 1.1x10'° 0.14
3 0 0.008 1.x10%° 3.60x 10t° 1.7x10'° 0.13
4 0 0.015 2.X10%° 1.78x 10 2.4x101° 0.11
5 0 0.030 4.6¢107° 4.67x 10 6.6x 10° 0.14
6 0 0.065 9.6 10°° — 8.4x 10° 0.09
7 0.02 0.007 1.810%° — 9.7x 10 0.09
8 0.02 0.010 1.510° — 2.4x 10 0.16
9 0.02 0.014 2.%10%° — 3.7x101° 0.18
10 0.02 0.019 2.810%° — 7.6x 10" 0.27

probes. For the temperature variation a liquid helium gasparamagnetic contribution to the magnetic susceptibility

flow cryostat equipped with a heater was used. Temperaturghould be controlled by the density of states at the Fermi

was controlled by a calibrated Cu-CuFe thermocouplelevel located within the impurity band. In order to confirm

whose cold end was glued onto the sample face and the htiis hypothesis, we estimate the susceptibility of such elec-

one was immersed into a melting ice. trons theoretically, using the approach introduced in Ref. 16.
For the galvanomagnetic study, small bars X(@L  The electrons in an impurity band, being free to move

X5 mnT) cleaved from each representative disk were usedthrough the whole crystal, form a Fermi gas, whose spin

Voltage and Hall contacts made of platinum wire weresusceptibility is given by

welded onto the sides of the sample using a spark discharger.

Copper current wires were attached to the sample using the on

alloy of In with 4% Ag and 1% Au. In each sample the Hall X:ME; Yb, 1)

coefficient and the resistivity at 4.2 K were measured. All the dek

samples revealed @-type conductivity; the hole con-

centration obtained from the Hall coefficient is presented inwhereug is the Bohr magnetomyy, is the electron popula-

Table I. tion of impurity band, andr is the Fermi energy. As pointed

out earlier, the Fermi level is pinned at the energy of the

impurity states in the alloys considered. Thus, in the low-

temperature limit, a number of trapped electrons can be de-

A. Paramagnetic susceptibility of ytterbium-band electrons fined as

Ill. RESULTS AND DISCUSSION

The magnetic susceptibility measured reveals a compe-
tition between the diamagnetic and paramagnetic contribu-
tions (Fig. 1). Let us, first, analyze in detail the diamagnetic + F

part xo, gaining at a high temperature. It appears to be tem- g !

perature independent, so we determinedythealues from a 10 E | *

saturation level ofy(T) curves atT~250 K. The diamag- *3 2 4
<

netic contribution is usually connected to a diamagnetism of b
the host semiconductor lattice. We have also found good E
agreement iny, values determined by us for very diluted ,»;
—
=

Pb,_,Yb,Te and the values known for lead telluritfe'>The
most interesting result observed is a monotonic reduction of
the diamagnetic contributiothere we mean its absolute
valug with increasing Yb molar fraction. This reveals a para-
magnetic susceptibility significant even at high temperature
and growing with ytterbium content. In rather diluted
Pb,_,Yb,Te a rapid, close to linear, growth of this paramag-
netism occurs, followed by a slower increase at higher Yb 5 L L L L
) S 0 50 100 150 200 250
content(see the inset in Fig.)1 T (K)
We attribute this paramagnetic contribution to the elec-

trons trapped in the impurity band, in analogy with one ob-  F|G. 1. Temperature dependence of the magnetic susceptibility
served earlier in lead telluride doped with thallium or in tin jn Pb,_,Yb,Te alloys of various ytterbium conteyt (1) 0.0003,
telluride doped with indium, similar to conditions of the (2) 0.005,(3) 0.008,(4) 0.015, and5) 0.065. The inset presents the
Fermi level being pinned at the energy of the impurity statesigh-temperature diamagnetic contribution as a function of ytter-
situated in the valence badti®® In this case an additional bium content.
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FIG. 2. Magnetization of Pb, ,GgYb,Te alloys at 5 K.(1) FIG. 3. Reverse magnetic susceptibility corrected due to the
x=0.02,y=0.01; (2) x=0, y=0.015;(3) x=0.02,y=0.019;(4)  diamagnetic share as a function of temperature for
x=0, y=0.065. Pb,_x—,Ge&Yb,Te (x=0.02) alloys.(1) y=0.007,(2) y=0.010,

(3) y=0.014, and4) y=0.019.
eF
Nyp= Jloong(s)ds' 2 The experimental 1f— x,) curves intersect the abscissa

at slightly negative temperatu@=—1-2 K, indicating a
wheregyp(e) denotes the density of states in the ytterbiumrather weak antiferromagnetic exchange between the mag-
band. Combining Eqq1) and(2), we find netic centers. The concentration of %¥bsingle ionsNyyz+

2 were then calculated from the Curie constants:

X= me9yb(&F). 3

Estimations ofgyy(eg) from Eq. (3) show that density of 3kgC
states in the impurity band increases from>18'° to 4.7 Nyp3+= 2SS 1)
x10*° cm ®meV ! with the ytterbium content. The den- 9" naS )
sity of impurity states might also be estimated by dividing ygre | is the Boltzmann constang and S are theg factor
the total number of the impurity statesee column 4 in Table 5 effective spin of the ground electronic state, respectively.
1) by the energy width of the impurity band. The latter wastpe parameters of the ¥b ground state in lead telluride
estimated by us earlier as 5—10 mfEThis method yields the g=2.52 andS=1/2, we used were experimentally dete’r-
density of impurity states on the order of f0cm™>meV™", ey by electron paramagnetic resonance in Ref. 7.
which is in a good agreement with the one obtained from the ¢ magnetic ion concentration in the alloys is presented

©)

magnetic measurements. in Table I, together with the total ytterbium conté,, com-
. . puted from x-ray analysis data. Comparison of these data
B. LOW-temperature paran;ig.netlsm and concentration sets reveals only 10_15 % Of magnetlc |ons |r1PyHbyTe,
of Yb"™ ions independent of the total ytterbium content there. A different

The paramagnetic susceptibility becomes dominating at &ituation is observed in Ge doped alloys, where an increase
low temperature, when its rapid Curie-like growth occursOf the Yb content leads to a pronounced growth of the mag-
(Fig. 1). The low-field magnetization curves measured at 5 Knetic YB* ion fraction. Remarkably, in all the investigated
are linear, which is typical for the paramagnésg. 2. A alloys, the concentration of magnetic ions increases with yt-
reciprocal paramagnetic contribution 4 xo) increases terbium content.
linearly with temperaturéFig. 3), that allows one to deter-
mine the Curie temperature and Curie constant for the alloys ¢, Magnetic ion emergence and electronic band structure
of various Yb and Ge content as follows from the Curie-

Weiss law: For the sake of a clear understanding of the origin of

magnetic ion in Pp_,_,GegYb, Te, let us refer to the charge-
C carrier energy spectrum in these alloy§ig. 4). In
X~ Xo=7_@" (4) Pb, _,GegTe the free-carrier concentration is determined by
; ; ; ; 7

electrically active native point defects of several typeshe
where C and® are the Curie constant and temperature, re<dominating type of defects, metal vacancies, provides the
spectively. The subtracted diamagnetic pgstis the one acceptor levels; as a result, the Fermi level stays in the va-
plotted in Fig. 1(insed, individual for each alloy composi- lence band, and a free hole concentration is determined by an
tion. effective concentration of the native point acceptfs (left
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FIG. 4. Variation of the energy spectrum with an increase of Yb N,, (cm™)

concentration in Pp,_,GeYb,Te.
P -y GeYby FIG. 5. Concentration of magnetic Yb ions as a function of
section in Fig. 4 Ytterbium doping introduces a donor im- Yterbium  content in Ph,Yb,Te (solid squares and
purity band right above the valence-band o fraction of _Pb;HX—YGeXY?yTe (optentcwcle$ CEurt\(e(l) fShotWS tgefdetpegcg;ce
electrons transfers from the impurity band to the empty stateld) € case of a constant concentration of native detects. L tkyes
in the valence band, and the Fermi level becomes pinned gpd (3) correspond to lineafEq. (7)] and quadratidEg. (8)] in-
the energy of the irr;purity statémiddle section in Fig. Creases of the native defect concentration, respectively.

By this redistribution of electrons, a fraction of ytterbium
. - .

|(r)]ns tkrf’zinsfer from the Yo hcharggehstgte(nonmsgngt!): ©  concentration; it describes the formation of additional native
ttedY A (m?r?neu:) statet.)T (;JSdI t (ir:mpunty ?nt_ is S|ftu— defects with doping.

ated above the vaience-band edge, the concentralion of Mag-, ,qer o define functiofi(Nyy), we setN?; equal to the

netic ions should be exactly equal to the concentration of th?ree hole concentration in Rb,Yb, Te with minimal ytter-
empty electronic states in the valence band, arising from thBiurn contentisample 1 in Tabi/e)l Zl'he corresponding con-

nat,:/sefgﬁg\]:/:?rfsgs‘i’able | the maanetic ion concentration stant concentration of magnetic ions is presented in Fig. 5
’ 9 (curve 1. The experimental concentration of magnetic ions

choult the naive point defect soncentration, as theae defec§. 2 UNCton of yterbium concentation, plotted in Fig. 5
P ' rgvealsf(NYb) as a power function. The exponent, deter-

are the only candidates to accept the electrons from Yb 'ON%ined as a slope of dependence on a double logarithmic
This effect, usually referred to as self-compensation, is

known for many other doped IV-VI semiconductors: to the Z?:iljr,atil;eeg/uglotzezt?nOtpz g;:i? 3;19 gg:{(-kr)e_;n%vg
benefit of the total electronic energy of a crystal the native . T N S D St A
acceptors are formed to compensate partially for the dono?btalnecj the best fitsolid curves in Fig. busing functions

defects(and magnetic ionsas a function of the ytterbium

effect of doping'’ The rate of native defect formation in Nygs: = 2.3% 1044 0. 11Ny, @
Pb,_,_,GgYb,Te is significantly less than the increment of
the ytterbium content with doping. As a result, at a high Nypa+ = 2.3% 1018+ 8.5 10~ 22N2, 8)

enough ytterbium content, most of the impurity ions are in
Yb?" state and the impurity band is almost filled with elec- for Pb,_,Yb,Te and Ph_,_,GgYh,Te, respectively.
trons (right section in Fig. 4 Using approximationg7) and(8), a dependence of elec-
The experimental dependenigys+(Nyy) (Fig. 5 allows  tronic population of the impurity band was computédg.
us to characterize the kinetics of magnetic ion formation nu®). In spite of the experimental valuésxpressed as a ratio of
merically, and to compute the electronic population of thefilled impurity states to the total capacity of the impurity
impurity band in alloys of various ytterbium and germaniumband are mostly gathered in a narrow range of 0.8-0.9, the
contents. According to the model introduced, the magneti@approximationgsolid curve$ exhibit different behaviors. In
ion concentration can be expressed as a sum of two contran imaginary case of a constant concentration of native de-
butions: fects (curve 1), the electronic population of the impurity
band would grow from zero and tend to unity with the ytter-
Nyps+ =N+ f(Nyp). (6) bium content. If the native defect concentration grows lin-
early, as in Pb_,Yb,Te (curve 2, the electronic population
The first one,N;, denotes the effective concentration of increases and comes to saturation at a certain value deter-
native defects in undoped alloys; it accounts for the fractiormined by the rate of defect formatidooefficient in Eq(7)].
of magnetic ions arising due to the original stock of nativeln the case of a quadratic increase of the defect concentration
defects. The second paf(Nyy), is a concentration of native (Pb,_,_,GgYb,Te, curve 3, the electronic population of
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IV. CONCLUSIONS

Ytterbium impurity brings two contributions to the mag-
netic susceptibility of Pp, ,GegYb,Te alloys: a
temperature-independent paramagnetic contribution, attrib-
uted to a huge concentration of electrons in the Yb-derived
band, and a Curie-Weiss paramagnetic contribution arising
due to the magnetic Y8 ions.

In terms of the Curie-Weiss law, the concentration of
magnetically active YB' ions and the Curie temperature in
Pb,_,_,GgYb,Te have been determined. It is shown that
the concentration of magnetic ions increases with the ytter-
bium content, whereas a significant quantity of ytterbium
remains in a nonmagnetic ¥b state.

1(‘),9 1(;,., e The kinetics of magnetic ion formation with doping has
N,, (em®) been analyzed. In Rb,Yb, Te the concentration of magnetic
ions increases linearly with the ytterbium concentration,

FIG. 6. Electron population of the Yb impurity band as a func- while in Pb_, ,GeYb,Te alloys it follows a quadratic
tion of ytterbium content in Ph,Yb,Te (solid squares and  function. Based on this result, the electronic population of

Pb,_,yGeYb,Te (open circles Curve(1) shows the dependence the impurity level as a function of ytterbium content has
in the case of a constant concentration of native defects. Ci&yes peen established.

and (3) correspond to lineafEq. (7)] and quadratidEqg. (8)] in-

creases of the native defect concentration, respectively.
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