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Based on the theory of weak localization, taking into account the mechanism of spin-orbit scattering, the
patterns of change in the magnetic conductivity of films PbSnAgTe are considered. The dependences of the
magnetoresi stance of PbSnAgTe films in magnetic field perpendicular to the surface of the film are studied.

It is shown that for polycrystaline films on mica-muscovite substrates, the time of spin-orbita interaction
depends on the composition and may change the sign of the magnetoresistance.
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I ntr oduction

Lead telluride is a well-known material for sources
and detectors of infrared radiation in the optical spectrum
[1, 2]. Semiconductor materials such as PbTe are adso
suitable for studying non-balligtic effects. Due to the high
dielectric permittivity ¢ = 1350 at 4.2 K in PbTe and the
low effective mass m* = 0.024m,, this leads to effective
screening from ionized impurities and defects. The result
is a very high mobility of bulk samples, which may
exceed 10° m?/Vs at low temperatures [2]. Thanks to
these properties, PbTe can be used in a new fidd -
spintronics. One possible application of PoTe is to use it
as a gpin filter [3], due to the high value of the Lande
factor.

The negative magnetoresistance, which is often
observed in semiconductors, is explained by the theory of
weak localization and spin-orbita interaction [4]. These
effects are purely quantum effects as a result of the
interference of an electron with itsef and the interaction
of an eectron with its spin in a magnetic field. In this
case, quantum corrections to magnetoresi stance are used.

For films of undoped PbTe negative values of
magnetoresistance were observed in [5]. However, the
vast majority of studies show that the magnetoresistance
phenomenon for PoTe is described by classical laws. The
dependence of the magnetoresistance on the temperature
for one-dimensional material in the form of nanowires
was investigated in [6]. But even for 1d structure thereis
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no manifestation of the effect of non-baligtic transport.
The introduction of impurities, i.e. the modification of
the eectronic subsystem, and obtaining polycrystalline
films, can affect on the processes of charge transport.
The magnet transport measurements for p-type films of
Pb, xEu,Te for different composition and temperatures
are presented in work [7]. It turns out, that the
introduction of a paramagnetic impurity influences on the
interaction of carriers of current and leads to the
appearance of weak localization and strong spin-orbit
interaction due to the Zeeman effect.

In this paper, the experimental dependences of the
magnetoresistance of PbSnAgTe films from the
composition in a magnetic field perpendicular to the
surface of the film are obtained. Their explanations are
anayzed based on the theory of quantum corrections to
conductivity associated with weak localization and spin-
orbit interaction. It should be noted that doping by Sn in
the investigated compositions significantly changes the
electrical properties, as well as the type of conductivity.
The compositions have different types of conductivity:
PbsSnAQTew  and  PoisSAgTey p-type,
PbisAg,Tey — n-type. This is confirmed by the Hall
measurements of the carrier mobility p (Table 1).

|. Experimental details

The samples were grown by depositing of the vapor
phase of the presynthesized materid PbysSnAQT ey,
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Pb1sSn,AgTey and PhigAg,Te,y materials in a vacuum
on fresh chips (0001) of mica-muscovite substrate. The
temperature of the evaporator was T, = 870 K and the
temperature substrates T = 470 K. The thicknesses of the
films are set by the deposition time within (1-3) min and
are measured by microinterferometer M11-4 using digital
image processing methods.

Measurement of electrica parameters of the films
was at temperatures from 77 K to 300 K and at constant
magnetic fields on the automated device. It provides a
process for measuring eectrical parameters and initial
registration and processing of data. Measured sample had
four Hall contacts and two current contacts. Asthe ohmic
contacts was used a silver film. The current through the
sample was ~ 1 mA. The magnetic field was directed
perpendicular to the film surface. The induction of
magnetic field was 0 — 1.2 Teda. For measurement of the
temperature were used platinum thermoresitors.
Measurement error is not more than 3%.

Theoretical calculation for describing the character of
the dependence of the magnetoresistance in a
perpendicular magnetic field is carried out using the
means of the mathematical package Maple 18.

II. Theoretical part

The motion of an eectron in a disordered electronic
system isn't balligtic, but diffuse, when the eectron
collides many times with impurities and other defects of
the crystalline lattice. Such a quantum effect as a weak
localization for a system of non-interacting eectrons is
due to the wave properties of these quantum particles.
And there is an interference of electronic waves when
electrons are scattering. One of the manifestations of the
effect is the appearance of a negative magnetoresi stance,
that is, the conductivity of the system increases with the
increase of the magnetic field induction. Therefore,
guantum corrections for conductivity, associated with the
above mentioned effect, are used. The correction for
conductivity due to weak localization is determined by
the equation [4]:

2
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where C(r, r’, @) —cooperon, which determines the
amplitude of scattering on the impurity, D is the
diffusion coefficient, e is the eectron charge, ks is
Boltzmann's constant, Y is the mohility of the carriers, is

the time of dastic scattering. The function C(r, r’, )
satisfies the equation [4]:
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where o —the frequency of the external field, A —isthe

vector potential of the magnetic field.
For films of arbitrary thickness in the magnetic field
perpendicular to the surface, the boundary conditions are

defined as
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The solution of the differential equation (1) within the
diffusion approximation for ® = 0 will be [8] the
expression:

C(r,ra;:ha Y (f)/’(fq) ,
wmo

+hD8

wn(r) — normalized wave functions of a particle with

charge 2ein amagnetic field, n, m are quantum numbers,

B isthe magnetic field induction, d is the thickness of the

film, 1, isthe phase relaxation time of the wave function.

Subgtituting (3) into (1) for the magnetoconductivity
Ao = 86(B) — 60(0) and taking into account that d—o0 we
obtain:
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Y(X) Digamma

function, or logarithmic derivative of the gamma
function.
Spin-orbital  interaction drongly  affects the

magnetoresistance of the system, since it leads to
relaxation of the spin. In this case, the magnetoprotection
sign may even change. The Hamiltonian of eectronsin
the conduction band for cubic crystals has the form [4]

D+ ofap, (52 p2)). (5)
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o — Pauli matrix, p isthe quasimomentum of an el ectron.
As aresult, the cooperon will be the next:
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Ty — SPiN relaxation time.
Then the dependence of the contribution of the
guantum correction caused by the spin-orbit interaction,
as a function of the magnaic field, directed
perpendicular to the plane of the film, has the form:
e é3, 4eDB, ., 1. ,4eDB, U

Ds (B) 2% &2 fa( t;) 2f2( t,-)H,

. (")

1, — modified time, taking into account spin-orbital
+ 5 o
3

The size of the system is an important parameter
when the processes of non-balistic transport are
considered. It is determined by the ratio between the
smallest geometric film size and the length of diffusion
during the time of the phase relaxation of the wave

function L =t D. If L,>>d, then the eectronic

system is considered to be two-dimensional (2D), and if
L,<<d — three-dimensiona (3D) in the theory of weak
localization. In order to analyze the magnetoresistance
behavior of the studied films, it is necessary to take into
account the fact that they are thick or quasi-two-
dimensional. Therefore, in the extreme case of a thick

interaction, (t, )" =t
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film d>L,, the correction for conductivity will be
calculated taking into account the size of the film, like it
was donein [8]:

e d.¢3 4eDB
DSQZD(B) = 2p2h | 2 2( ) Ef ( t. )U! (8)
where I, =+/h/eB — magnetic length. It is often the

parameter that characterizes the behavior and dimension
of the electronic system in relation to the theory of weak
localization with lg<< L,. If we change the magnetic
field, we can change the dimension of the system.

In the case of weak spin-orbital interaction
(t, >>t; ) from formula (7), the magnetic conductivity
will

be positive, respectively, quantum corrections
determine the negative magnetoresistance. This is one of
the manifestations of weak localization. When there is
the strong spin-orbital interaction (t, <<t; ) an

anomal ous positive magnetoresistance with alogarithmic
saturation in strong fields arises. The case of anomalous
positive magnetoresistance in the theory of weak
localization is called antilocalization. This phenomenon
is observed in the presence of a spin-orbital interaction in
the system, when the electron spin can turn over (change
its direction) during the elastic scattering of the eectron
on the impurity or on the surface. Then in formula (7) the
second term will be determinative and it changes to the
next

1€

Ds (B)=- 2
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If the time of the spin-orbital interaction is compared
with the time of relaxation of the phase of the wave
function of the electron t  £t, the magnetoresistance

curve in the positive region passes through the maximum
and then becomes negative. Thus, the appearance of the
curves of the dependence of conductivity or resistance on
magnetic fild can qualitatively estimate the relation
between 1, and 14 and get information about the
presence of spin-orbital interaction.

I11.Results and discussion

In fig. 1 are shown the experimental dependences of
the relative change in the resistivity ((p(B)-p(0))/p(0)) on
the induction of a magnetic fidd, which are oriented
perpendicular to the plane of the sample, for films based
on PbSnAgTe (LATT) compounds at a temperature
T =77 K. Taking into account the form of curvesin Fig.
1. it can be said that the classical dependence of the
magnetoresistance ~uB? is executed only for a film of
PbTe. For LATT compounds an anomalous dependence
of the magnetoresistance is observed. For Pb;gAg,Tex
films, the magnetoresistance is negative, for the film
PbisSn,AgTeyn — it has a maximum in the positive
region, and for PbiSnAg.Teyn - positive with a
logarithmic dependence on the magnetic field. So, for the
description of the eectronic system we will use the
effects of localization and anti-localizations. In addition,
the magnetoresistance of films based on PbSnAgTe
compounds is greater than for PbTe. Consequently,
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PbSnAgTe films have greater sensitivity to magnetic
field changes and can be used as magnetic field sensors.

It should be noted that the films of the lead telluride
also exhibit guantum-dimensional effects [9], which
leads to the oscillation of the electrical parameters of the
films from the thickness. Such oscillations appear at a
thickness of d <300 nm. In the investigated thickness
range, these effects can not be taken into account. In
addition to wesak localization and spin-orbital interaction,
the contribution of other corrections related to the effects
of inter-electron interaction was not taken into account.
Since this contribution is insignificant at the studied
temperatures.
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Fig. 1. Experimental dependences  of the

magnetoresistance in a perpendicular magnetic field at
temperature T 77 K for films of composition:

A —PoTe, m—-PbuSUAQTEn - PbisSHAGTey,
e —PbjgAg,Ten on fresh chips (0001) of mica-
muscovite.

The concentration and mobility of current carriersin
PbSnAgTe films were measured according to Hall
measurements and are shown in Table 2. According to
these data, the value of the product kel was calculated,
where ke is quasiwave Fermi vector k. = (3p n)”*, | —the
free path of current carriers, n is the concentration of
current carriers. To be able to apply the theory of weak
localization to the electron gas it is necessary to check
the loffe-Regel condition kel>>1. As can be seen from
Table 1 for all the samples under study, this condition is
fulfilled, which allows us to apply the theory of non-
ballistic transport for PbSnAgTefilms.

The results of the approximation of experimental
dependences are given in Table 2 and in Fig. 2. The
diffusion coefficient D was calculated by the formula

KT

For a film of a composition PbigAg,Teyn a the
themperature 77 K, the magnetic conductivity is positive
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Tablel
Electrical properties for PbSnAgTe filmson micaat atemperature of T = 77K
Composition Concentration of current Mohility Diffusion length K
P carriersn,p, cm™ U, cm?/V's Lo, nm f
PbigAgaTexn n=6.25-10" 88.5 12.3 12.2
PbisSn,AQ Tex p=5.9-10"" 126.4 98.1 1135.2
Pb,Sn,Ag Texn p=2.3-10' 223.4 266.1 7428.6
o, Q'm’ Ac, Q'm’ Ac, @'’
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Fig. 2. Dependences of the specific magnetic conductivity in a perpendicular magnetic field at atemperature T=77 K
for thefilms of composition: (a), ® — PbigAg.Tex,, (D), ¢ — PbisSnAQTey, (C),m — PhisSnsAg. Texon fresh chips
(0001) of mica-muscovite. Points — experiment, lines— cal culation according to (8).

and the magnetosphere, respectivdy, is negative (Fig. 1,
Fig. 2, ). Thereation between the characteristic timesis
the following — t >>t, . The transport of charge

carriers is determined mainly by the effect of weak
localization, and the effect of spin-orbital scattering is
much smaller.
Table2
Characterigtic times. the relaxation time of the phase of
the wave function 1, and the spin relaxation time 1,
associated with the spin-orbital interaction for the

PbSnAgTefilms
Film
Composition thickness Ty, S T S
d, nm
T=77K
Pb1sAg,Te 540 2.1.10" | 8.86-10™
PbisSn,AG Tex 810 9510 | 3.85.10™
Pb.1sSn,AG Tex 540 3910 | 1.35.10™

For a film of composition PbigSn,Ag.Teyn, the
magnetic conductivity has a maximum in the negative
region and then, with an increase in the magnetic field,
reaches high positive values compared to the
PbieSnAgTey (Fig. 2, b). The time of spin-orbita
interaction for this composition is in one order with the
phase relaxation time, but t£t,. For a film

Pb14SnAQTey, the magnetic conductivity has high
negative values with logarithmic saturation at a magnetic
fieldB> 0.6 T (Fig. 2, ¢). That is, for thissamplethereis
an antilocalisation phenomenon with strong spin-orbital
interaction. The time of spin-orbital scattering is an order
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of magnitude less than the phase relaxation time.

As can be seen from Table 2, with increasing of
content of the Sn, the time associated with the spin-
orbital interaction ty, decreases. This indicates that the
magnitude of the spin-orbital interaction increases
proportionately 1, *. Since the thickness of the filmsis of
the same order, in the systems under study the number of
collisons of the dectron with impurities increases.
Similar results were obtained by the authors in [11] on
the base of the study of the spectra of eectron
paramagnetic resonance in doped silicon. As the
concentration of the doping impurity increases, spin-
orbital interaction increases with scattering on the
impurity. Spin-orbital interaction increases with the
growth of the atomic number of the impurity. Time of
phase relaxation of the wave function 1, on the contrary,
increases by increasing the content of the doping
impurity. The introduction of Ag leads to the appearance
of effects of weak localization, and the additional doping
of Sn increases disordering in the system, which allows
observing guantum-mechanical interference effects. The
theory of electron scattering due to impurities in the
superconductor was developed by Abrikosov and Gorkov
[12], which shows that the spin rotation at scattering on
the impurity can be due to spin-orbital interaction.

Publications are based on the research provided by
the grant support of the State Fund For Fundamental
Research (project N F73/38-2017)
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Conclusions

1. Measurements of magnetoresistance for films
based on PbSnAgTe compounds from composition are
carried on.

2. The regularities of the change in magnetic
conductivity are explained in the framework of the
theory of weak localization, taking into account the
mechanism of spin-orbit scattering.

3. It isshown that the appearance of the curves of
the magnetic-field conductivity or resistance dependence
allows usto determine the peculiarities of the transport of

carriers in a magnetic field and to obtain information
about the presence of spin-orbit interaction.

4. Observed quantum interference effects in
PbSnAgTe films can be explained by spin-orbital
interaction in scattering on impurities.
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KBanToBi edekTH HEOANICTUIHOIO TPAHCIIOPTY B ILTIBKAX
Ha ocHOBi cmoaryk PbSnAgTe
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Ha ocHosi Teopii crna0koi Jiokani3alii 3 BpaxyBaHHSIM MEXaHi3My CIiH-OpOITaNbHOr0 PO3CiFOBaHHS PO3IJIAHYTO
3aKOHOMIPHOCTiI 3MiHM MarseronpoBigHocti miiBok POSnAgTe. JlocmipKeHO 3aieHOCTI MarHeToOonopy IUTiBOK
PbSnAgTe Bix ckiany B IepneHAUKYISPHOMY O OBEPXHI IUTIBKY MarHiTHOMY ITOJIi.

[Nokazano, mO Ui TOJIKPUCTANIYHUX IUIBOK Ha IMiJKIAAKaX 31 CIIOJU-MYCKOBIT dac CIiH-OpOiTaIbHOL
B3a€EMOJIIT 3aJISIKUTH BiJl CKIIaTy Ta MOXE 3MiHIOBATH 3HAK MarHETOOIOPY.

KurouoBi ci10Ba: po3MipHi e)eKTH, TOHKI ILTIBKH, INTIOMOYM TeIypH, TEPMOEISKTPUYHI BIACTUBOCTI.
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