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We present the results of the first experimental evidence of inverse distribution of small magnetic complexes
of Eu impurity along the bulk axis and the lateral surfaces of the PbTe:Eu crystal ingots grown from doped melts
with significantly different initial concentrations of doping impurity Ni(Eu) in the melt. If the Eu concentration
is high enough, that the doping impurity enters into the bulk of doped ingot during the process of its growth
(Nin(Eu) = 1-10®° cm™®), the mainly small complexes of Eu are formed in the beginning of the ingot and
probability of their formation decreases towards the end of ingot. If the Eu concentration is low enough, that the
doping impurity is pushed out onto the surface of doped ingot during its growth (Niy(Eu) = 1-10% cm-3),
probability of the complex formation is minima in the beginning of ingot and increases towards the ingot’ s end.
An eventua role of the background impurity of Oxygen in formation of the revealed peculiarities of Eu doping

impurity distributionsin PbTe:Eu crystalsis discussed.
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I ntr oduction

For along time rare earth elements (REE) have been
successfully used in contralling quality and other
physical parameters of semiconductors, especially of 1V-
VI ones. Since the REE impurities have got
uncompensated spin moments of the inner 4f electrons,
their behavior can be effectively studied by examining
the magnetization and magnetic susceptibility (MS) of
the doped samples. Since the magnetization and MS are
sensitive to the state of the magnetic impurity, they
provide useful information about the various magnetic
interactions in the doped crystal. In particular, such
studies have shown that the magnetic properties of
PbTe: Eu doped crystals are to large extent determined by
the complexes of Eu with the background Oxygen
impurity in the crystal matrix of the doped lead telluride
[1]. High sengitivity of magnetization and MS of doped
crystals to the state of magnetic impurities has been used
in the presented study to obtain information about the
formation of different magnetic centers in PbTeEu
crystals grown from melts with different concentrations
of impurities.

Our recent studies[2, 3] showed that the initial value
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of impurity concentration in the melt for growing of
PbTe:Eu crystals determines the behavior of impurity
during the solidification of the doped melt. If this
concentration is sufficiently high, approximately 1-10%°
cm’3, the doping impurity enters into the bulk of doped
crystals and concentrates in the initial part of the ingot
spanning about 2/3 of its length. If Niw(Eu) is lower,
about 1-10" cm™® and less, the doping Eu impurity is
pushed out onto the surface of doped ingot and is
distributed along the lateral surface of the entire length of
ingot. It was suggested that the decisive role in this
behavior of Eu impurity in the process of growing of
PbTeEu doped crystals from met beongs to
uncontrolled impurity of Oxygen. This work is devoted
to the search for additional independent evidence to
support this hypothesis by studying the magnetic
properties of bulk and surface of PbTelEu crystals,
grown from melts with different initial concentration of
doping impurity.

. Growth and characterization of
ingots

The doped PbTe:Eu crystal ingots were grown from
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Fig. 1. Magnetization vs. magnetic field (T = 1.72 K) and MSvs. T of investigated samples (for designations and
calculation parametersrefer to Table 1). The symbols are the experimental data; the solid lines are the results of
calculations.

melt by the Bridgman method and doped with Eu in the
process of growth. The crystal ingots have a

conical-cylindrical shape. The ingot length was
approximately 30 mm, the diameter of their cylindrical
part 10 mm, the ratio between lengths of the cylindrica
and conical parts of ingots about 2:1.Two different initial
concentrations of Eu impurity Nin(EU) in the melts were
used, namely 1-10° and 1-10" cm™. The preliminary
characterization of the Eu impurity distribution in the
ingots was performed with X-ray fluorescent e emental
andysis and Secondary Neutral Mass Spectroscopy
methods. Subsequently four samples were prepared for
detailed investigation. Two of them were prepared from
the incipient conic parts of ingots approximately 3 mm of
length. The third sample was prepared from surface
layers of the end parts of ingot doped with Eu with
Nine(Eu) = 1-10" cm®. These were the powder samples.
The fourth sample was prepared from the t part of ingot
with Niw(Eu) = 1.10° cm?® in which the volume
concentration of Eu drastically starts tending to zero.
This was the crystal sample. Magnetization and MS of
these samples were investigated using a commercial
SQUID magnetometer.

II. Experimental results and discussion

Theresults of experimental investigations of both the
field dependences of magnetization M at the temperature
1.72K and temperature dependences of MS at the
magnetic fidd H=03kOe and ther quantitative
treatment are shown in Fig. 1.
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Total magnetization of the doped samples in the
magnetic field H was calculated as:

M=M_+M + M +

s "Mpp " Mpy PO i @D
where Ms, Mp;, Mp, are the contributions of the single
centers, the nearest-neighbors (NN) with ferromagnetic
interaction, and next-nearest-neighbors (NNN) pairs with

antiferromagnetic interaction, respectively, and C varix is

the M S of the crystal matrix under condition T—0 K. For
calculation of Ms, Mp;, and Mp, the standard procedure
and standard ratios [4, 5] were used. The values of the
exchange integrals between Eu ions were taken as Ji/kg =
0.056 K (NN pairs) and J/ks = - 0.13 K (NNN pairs) [1].
The concentration of Eu as a congtituent part of different
impurity centers (singles or pairs) and the value of
Cvarix &€ considered as adjustable parameters of

calculations. The values of parameters used to reproduce
the experimental dependences of M(H) and MY(T) of the
investigated samples, shown in Fig. 1, are presented in
Table 1.

There are two the most important results of
andytical treatment of obtained experimenta data.

The first of them is that distributions of Eu single
centers and the smallest Eu-Oxygen complexes are
opposite for the cases when doping impurity enters into
the bulk of doped ingot (Ni(Eu) = 1-10%° cm®) or is
pushed out onto the ingot's surface (Niy(Eu) = 1.10%
cm®). In thefirst case the small complexes (NN and NNN
pairs) dominate in the beginning of doped ingot. Towards
the ingot’s end the concentration of pairs decreases and
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Table1

The investigated samples and the values of the corresponding parameters used for cal culation of the dependences
of M(H) and MY(T), shown in Fig. 1.

e NEy Ney Ney . 6
Thesample | Nig(Eu), cm?® | FOSUONIN 1 goley | (NN pairy, | (NNN pairg), | AMais10
ingot o o o cm°/g
A 1.10% Beginnin 2.14-10" 3.72:10" 2.71-107 +0.15
eginning
B 1.10% ~1/3 length 1.47-10" 0 0 -0.41
from ending
C 1-10" Beginning 2.46:10" 0 0 -0.41
D 1-10" Ending 0 1.04-10 0 -0.41

the Eu single centers become dominating (The samples A
and B, Table 1). At that both the dependencies M(H) and
MST) for samples from beginning and ending of the
doped part of ingot can be described very well by the
same set of parameters (Fig. 1). However, the lattice
magnetic susceptibility ymarix 1S very different for these
samples. It's positive in the beginning of ingot where the
small complexes dominate (The sample A) and negative
in the middle part of the ingot where the Eu single
centers dominate (The sample B). These results confirm
our previous data [1,6] and are consistent with
suggestions presented there about the mechanism of
formation of the positive magnetic susceptibility of the
PbTe crystal lattice. In the second case, on the other
hand, in the beginning of doped ingot the Eu single
centers dominate (The sample C) whereas in the end of
doped ingot on its surface only the small NN complexes
of Eu are observed (The sample D).

Apparently, it is exactly the revealed differences in
formation of the Eu complexes what determines the
differences in Eu distribution along the axis and surface
of doped ingot, when the impurities enters into the bulk
of doped ingot or pushed out onto its surface observed in
[2]. Aswas mentioned before the small complexes of Eu
in the doped PbTelEu crystals are the complexes of
Europium with the background Oxygen impurity [1]. In
the process of growth of the PbTe:Eu crystal from the
doped melt these complexes can be formed at the solid —
liquid interface in front of the crystallization front and
behave like impurities with segregation coefficient less
than one being pushed into the liquid phase [2]. Since the
radial redistribution of Eu in the surface layers occurs
under strongly non-equilibrium conditions due to rapid
heat removal through latera surfaces. For this reason
decay of the complexesin the liquid phase is not efficient
enough and they are pushed to the end of the ingot along
the doped surface. So in the beginning of the doped ingot
grown from the melt with a low initial concentration of
Eu the single impurity centers are prevalent and in the
end of ingot the small Eu complexes on its surface are
predominant.

The second important result is that it is not possible
to quantitatively describe both dependences M(H) and
MS(T) with the same value of parameter yuarix for the
sample prepared from surface layers of the end of the
doped ingot with Ni(Eu) = 1-10™ cm™ (The sample D,
Fig. 1). Moreover, the dependence of MT) under the
investigated temperature range, in contrast to all other
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samples, cannot be described by the ratio (1) for any
fixed value of ymarix- A Similar behavior of MS of the
surface layers of doped PbTe:Eu ingots was observed by
us earlier and it was explained by the existence of
superconducting Pb-based inclusions [7]. It appears that
here we see the manifestation of the same effect.

Conclusions

Magnetization and magnetic susceptibility of the
bulk and surface samples of PbTe:Eu-doped crystals
grown by the Bridgman method from the melts with two
different initial concentrations of Eu impurity Ni(Eu) =
1-10" and 1-10®° cm® are investigated. The relative
contributions to the magnetic properties of the Eu single
centers, the nearest-neighbors (NN) and next-nearest-
neighbors (NNN) pairs within Europium and Oxygen
complexes are determined. The dependence of consistent
pattern of distribution of the small Eu complexes on the
initial concentration of doping impurity in the melt was
revealed. It is shown that these distributions areinverse
for  the low and high initiad  impurity
concentration Ni(Eu). For the highinitial impurity
concentration Ni(Eu) = 1-10° cm™, when the doping
impurity enters into the bulk of doped crysta the
probability of pair formation is maximal in the beginning
of ingot and decreases towards its end. Vice versa, if
theinitial impurity concentration islow Niy(Eu) = 1-10%
cm® and the doping impurity is pushed out onto the
surface of doped ingot, the probability of pair formation
is minima in the beginning of ingot and increases
towards its end. We consider these data as the
independent evidence to support our previous suggestion
[2] that the uncontrolled background impurity of Oxygen
plays an decisive role in the behavior of Eu impurity
during the process of PbTelEu crystals growth from the
doped melts.
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IpencraBneno pe3ynbTaTH NEPIIMX SKCIEPUMEHTATIBHUX JI0Ka3iB JiaMeTpaIbHO NPOTUIIEKHOTO PO3IOIIITY
JIpiOHMX MarHiTHUX KOMIUIEKCIB noMiiiku EU B310Bx 00'eMy Ta GOKOBHX ITOBEPXOHb KPHUCTaJIIYHHMX 3JIHMBKIB
PbTe Eu, BUpOIICHHX 3 JIETOBaHHX PO3ILIABIB 3 ICTOTHO Pi3HOI0 IOYATKOBOI KOHIEHTPALIEI0 JIEryrodoi
nomitikd Ni(EU). SIkuio konuentparist EU gocuth BHCOKa, Taka, 10 B MPOLEC POCTY JIETyro4a JOMiIIKa
BXOMTh B 00 em JjeroBanoro 3muky (Nig(Eu) = 1.10%%cm®), to api6ui xommiexcu Eu dopmyrorbes B
OCHOBHOMY Ha IIOYaTKy 3JMBKY, a B HalpsMKy [0 HOro KiHI HMOBIpHICTH ()OPMYBaHHS KOMILIEKCIB
3MEHILYETHCS. SIKIO KOHIEHTpawis JoMilky EU HacTinbky Mana, o BCs BOHA B IIPOLIECI POCTY BUIITOBXYETHCS
Ha ToBepXHIO sierosanoro 3muBKy (Niy(Eu) = 1-10"%wm %), iiMoBipHicTh yTBOPEHHS KOMILTEKCIB MiHiMaTbHa Ha
MOYATKY 3JIUBKY 1 301JIBIIYETHCS Y HAPSIMKY /10 Horo KiHmst. OGroBOPIOETHCS MOXKIIUBA POJIb (POHOBOI JOMIIIKK
KucHio y hopMyBaHHI BHSBICHHX 0cOOIMBOCTEN po3noziny roMimku Eu B kpucranax PbTe: Eu.

KitrouoBi ci10Ba: HamiBIPOBITHUKH A'VBV', KPHCTaJIH, JTOMIIIKH, JIETYBaHHS, PiIKICHO3EMEIIbHI €JIeMEHTH,

HAMAarHi4eHiCTh, MaTHITHA CIPUHHSTIIUBICTS.
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