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The spin-orbit coupling is studied experimentally in two PbTe quantum wells by means of weak
antilocalization effect. Using the Hikami-Larkin-Nagaoka model through a computational global
optimization procedure, we extracted the spin-orbit and inelastic scattering times and estimated the
strength of the zero field spin-splitting energy Ay,. The values of Ay, are linearly dependent on the
Fermi wave vector (kr) confirming theoretical predictions of the existence of large spin-orbit
coupling in IV-VI quantum wells originated from pure Rashba effect. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4867627]

. INTRODUCTION

The spin—orbit (SO) coupling for electrons in semicon-
ductors nanostructures has been considered as one of the ba-
sis for new spintronic devices and has attracted much
attention in the last two decades.'™® In particular, some effort
has been dedicated to the development of a spin-based field
effect transistor® leading to the investigation of the main
issues concerning the determination of SO coupling in differ-
ent systems.7_1 !

Spin—orbit interaction is a relativistic effect that occurs
when a quantum mechanical particle with a non-zero spin
moves in a region with a non-zero electric field originating a
magnetic component in the rest frame of the electron. The
presence of this effective magnetic field affects both the dy-
namics of the spin and the total energy of the electron and
such interaction is called SO coupling that leads to the relax-
ation of the electron spin. The static electric field that causes
the SO interaction can have different physical origins, for
example being the electric field of the atomic nucleus, or
related to the crystal or the band structure of the solid.

Two main spin relaxation mechanisms were found to be
the most relevant for conduction electrons in metals and semi-
conductors: Elliot—Yafet (EY) and D’yakonov—Perel (DP).12
The EY process leads to spin-relaxation due to electron scat-
tering on impurities in the presence of SO coupling while the
DP mechanism arises from the spin-splitting of carrier spectra
in noncentrosymmetric media.'? The SO can also be separated
into two terms named Rashba (caused by the asymmetry of
the quantum well or heterojunction) and Dresselhaus (arises
from the lack of inversion in the original crystal).

There are many evidences that Rashba term gives a big-
ger contribution to the splitting in the case of narrow-gap het-
erostructures due to the strong SO interaction."*"” In the
particular case of the IV-VI lead-salt semiconductors, just a
few studies had been carried out.'®'” From the basic physics
research point of view, PbTe quantum wells (QWs) present an
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advantage as compared to the other III-V based structures
since its lead-salt crystalline structure presents bulk inversion
symmetry. Hence, the SO splitting in such structures is purely
Rashba instead of a mixture of Rashba and Dresselhaus, com-
monly observed in III-V compounds. In addition, the multiple
applications of PbTe and its unique physical properties make
it an attractive research subject. Its applications include infra-
red sensors”’ and thermoelectric devices.?'** Recently, spin
Hall effect (SHE) has being theoretically predict to manifest
in IV-VI structures,z‘?’24 but so far, experiments did not suc-
ceed to confirm such prediction.25 In addition, Pb;_,Sn,Te
films have being identified as topological crystalline insula-
tors, i.e., specific crystalline symmetries warrant the topologi-
cal protection of metallic surface states. In general, in these
new quantum materials, time-reversal symmetry and strong
spin—orbit effects require that the bulk insulating states are
accompanied by metallic helical Dirac-like electronic states
on the surface of the crystal.26 For the case of Pb,_,Sn,Te, the
topological phase is possible due to the strong spin-orbit cou-
pling present in PbTe associated to the decrease of the energy
gap as the Sn content increases leading to a band inversion.”’
These new results demand a deeper investigation in SO cou-
pling effect on IV-VI compounds.

To probe the SO coupling effect, weak antilocalization
(WAL) phenomenon has been considered as one powerful
tool and is commonly used to obtain the SO and inelastic
scattering times in films and QWs.?® Weak localization is a
quantum effect that arises from the quantum interference
between the electronic wave functions moving in the
same path but in opposite directions. Its suppression by SO
coupling gives rise to the phenomenon known as weak anti-
localization which manifests itself as a negative magneto-
conductance at low fields.

In this work, we report an experimental investigation
performed on two n-type PbTe/PbEuTe QWs where the SO
coupling effect was probed through weak antilocalization
effect. For the analysis, the multivalley and anisotropic
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TABLE I. Data of the PbTe/Pb; _ Eu,Te quantum well samples: Eu content x, thickness of the buffer layer (¢
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buffer) thickness of the n-type Pb,_,Eu,Te barrier

layer doped with bismuth (°“""), thickness of the PbTe well ("), sheet electron concentration » and Hall mobility x measured in the temperature T range.

Sample X P17 () Parrier (nm) ! (nm) T range (K) n(10°m™2) u (m?/Vs)
ID7111 0.10 2.7 30.8 14.5 1.2-10.0 5.04.3 1.65-1.47
1D6072 0.12 2.4 30.0 10.0 1.2-10.0 1.3-0.8 0.80-0.60

character of PbTe was also taken into account in order to cal-
culate the Fermi energy and energy subbands and we found
that only the first subband of the Ist longitudinal valley is
occupied. Using the model developed by Hikami, Larkin,
and Nagaoka (HLN),*~° it was possible to extract the
inelastic and SO scattering times and calculate the strength
of the zero field spin-splitting energy (Ay,), which depends
linearly on the Fermi wave vector kp. The results confirm
theoretical predictions of large Rashba SO effect on
PbTe/PbEuTe QWs and enhance the possibility of applica-
tion of these structures on the development of spintronic
devices.

Il. SAMPLE STRUCTURE AND EXPERIMENTAL
SETUP

The PbTe/Pb,;_,Eu,Te quantum well samples were
grown by molecular beam epitaxy on (111) cleaved BaF,
substrates. The sample structure consisted of a 2 to 3 um
thick Pb;_,Eu,Te buffer layer grown on top of the (111)
BaF, substrate followed by a PbTe well embedded between
two Pb;_Eu,Te barriers doped with bismuth, which guaran-
tee an n-type character for these samples.

For these experiments, two PbTe/Pb; _Eu,Te QW sam-
ples with In contacts in the Van der Pauw geometry were
electrically characterized. The structural and electrical data
of the samples ID7111 and ID7062, used in this work, are
displayed in Table I.

The experiments were carried out at low temperatures
(1.2-8.0K) using a liquid *He cryostat with a superconduct-
ing magnet. The magnetoresistance was measured using
phase-sensitive detection with 1 pA quasi-dc currents at
10.6 Hz.

ID6072
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lll. RESULTS AND DISCUSSION

For magnetoresistance measurements we have averaged
over the magnetic field directions using R, =
[R(B) + R(—B)]/2 to eliminate any Hall component. Figures
1(a) and 1(b) present the magnetoconductivity (MC) curves
(open points) obtained for samples ID7111 and ID6072 for
temperatures between 1.2K and 10.0K and for magnetic
fields in the range of —100mT to +100mT. Not all the
measured curves are present in this figure in order to obtain a
better visualization. The negative MC amplitudes are a clear
signature of the weak antilocalization effect and show the
presence of SO coupling in both samples. It is also possible
to observe that the MC amplitudes scale with temperature.

In order to investigate the origin of the SO coupling
effect observed in these PbTe QWs, we use the HLN model
to extract the SO and inelastic scattering times by fitting the
HLN function to the measured data using a global optimiza-
tion procedure. The HLN model can be written as
follows:***°

e? B; 1 B;
Ag=—— i) —In(=
== V\53T3) "B

e Bso+B, 1 Bso + B,
T ) T

+;Te;z {w <(4/3)£;§0 +B; +;> B 1n((4/3)£;;0 +B,->} 7
(1)

where By is the SO field, B; is the dephasing field, and B, is
the elastic field. We also derived the mean free path /
(~170.0nm and 40.0nm for samples ID7111 and ID6072,

T(K)

10.0
o 75 FIG. 1. Magnetoconductivity meas-
A 8.0 ured data (open points) and best fitted
v 4.0 curves (solid lines), obtained for the
' PbTe/Pb; _,Eu,Te quantum well sam-
© 30 ples (a) ID6072 and (b) ID7111, as a
2.0 function of magnetic fields from
w 1.2 —100mT to +100mT at different tem-

peratures from 1.2K to 10.0K. The
wider minima separation in magneto-
conductance for sample ID6072 indi-
cates stronger SO coupling.
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respectively) and found it is smaller than the magnetic length
Ig = \/Ti/eB (~200nm for B ~ 100 mT) indicating that the
HLN model is applicable in the magnetic field range where
the analysis was performed as will be seen next.

The complex nature of the HLN model, due to its non-
linear relation between the four independent parameters, usu-
ally leads to complicated parameter space. Fitting proce-
dures, based on the Levenberg-Marquardt techniques,
typically result in sub-optimal parameters, which are mostly
dependent on initial guesses. To circumvent this situation,
we have applied a powerful statistical technique recently
developed to deal with multi-extremal problems involving
optimization: the cross-entropy (CE) method.

The CE analysis was originally used in the optimization
of complex computer simulation models involving rare event
simulations,”" having been modified by Rubinstein’ to deal
with continuous multi-extremal and discrete combinatorial
optimization problems. Its theoretical asymptotic conver-
gence has been demonstrated by Margolin,*> while Kroese
et al** studied the efficiency of the CE method in solving
continuous multi-extremal optimization problems. Some
examples of robustness of the CE method in several situa-
tions are listed in Ref. 35. The CE method has been also
applied to many complex astrophysical problems as dis-
cussed in Refs. 36 and 37.

The basic procedures involved in the CE optimization
can be summarized as follows:** (i) random generation of
the initial parameter sample, obeying pre-defined criteria;
(i1) selection of the best samples based on some mathemati-
cal criterion; (iii) random generation of updated parameter
samples from the previous best candidates to be evaluated in
the next iteration and, (iv) optimization process repeats steps
(i) and (iii) until a pre-specified stopping criterion is
fulfilled.

We have applied this procedure to fit the HLN function
to our experimental data. To quantify the goodness of fit, we
adopt a simple Gaussian likelihood function such that

L(Bs,, B, B.,C Vv AR;) He[ o ,

where L is the likelihood written as usual for the Maximum
likelihood problem, M; is the HLN model to be fit to the
magnetoresistance data AR; for the ith B field strength
observed. The observed uncertainty of the data is given by
o;. In our case, we have assumed that all measurements have
equal uncertainty which we set to one. The free parameters
are the SO field (By,), the dephasing time field (B;) and a
multiplicative constant f introduced in the model to account
for possible multichannel conduction. The parameter space
defined for each fit varied slightly but in general was within
the following range: B, from 1.0 x107° T to 50 x 1073 T for
sample ID6072 and from 1.0x107°T to 10.0x1073T
for sample ID7111, B; from 1.0 x 10°°Tto 1.0 x 1073 T for
samples ID7111 and from 1.0 x 107% T to 10.0 x 107> T for
sample ID6072 and f from 0.1 to 5. B, was not considered as
a fitting parameter and its values were calculated from the
transport measurements (see Table I) and are presented in
Table II.
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TABLE II. Spin-orbit field (Bj,), dephasing time field (B;), elastic field (B,),
and multiplicative constant f obtained form a best-fit procedure at different
temperatures from 1.2K to 7.5K for the PbTe/Pb; Eu,Te quantum well
samples ID6072 and ID7111.

1D6072 ID7111

T (K) B; (mT) By, (mT) B, (mT) f T (K)B; (mT) By, (mT) B, (mT) f

1.2 2.92 12.4 127 27 12 020 2.8 86 32
1.4 2.68 12.5 129 24 15 021 2.6 88 32
1.6 2.62 12.9 131 22 16 0.20 2.5 9.1 3.0
1.9 2.66 133 131 21 20 021 2.5 10.1 2.6
2.3 2.05 12.7 132 1.6 25 022 2.6 10.7 3.2
2.7 2.70 13.2 131 22 3.0 034 2.5 11.1 29
3.4 3.32 13.5 198 1.6 35 0.39 2.4 11.5 29
4.6 4.10 14.0 204 1.7 40 0.6l 2.5 127 33
5.1 4.18 143 211 1.6 6.0 046 23 129 23
7.0 4.92 14.1 233 1.1 75 081 2.2 12.8 2.7
8.1 5.00 14.8 313 0.64 10.0 0.86 2.05 12.8 22

The best fit parameters obtained for the two PbTe/
Pb,_,Eu,Te QW samples as a function of temperature are
shown in Table II.

We have also explored the confidence intervals of the
fits obtained. To accomplish this we have performed a
Monte-Carlo procedure to probe the parameter space based
on a uniform distribution and calculate the likelihood func-
tion. The sample points were then used to estimate 1o, 20,
and 3¢ confidence intervals. The final contour plots with the
confidence intervals obtained for the parameter pair (B,,, B;),
setting the remaining parameters to their best fit values, are
shown in Figure 2. We have not plotted the other pair combi-
nations since (By,, B;) are the main ones.

We point out that initially the fits were performed with-
out the multiplicative constant f. However, in all tempera-
tures for all samples studied, the fits obtained without the
constant were considerably worse than the fits with the added
free parameter.

The solid lines in Figures 1(a) and 1(b) correspond to
best fitted curves to the experimental data, when applying
the fitting procedure describe above. The scattering times
can be derived from the fitting parameters presented in Table
II according to the relation t; = h/4eDBi, where j=so0, e, i,
and D is the diffusion constant. Figure 3(a) presents the log
plot of the inelastic scattering time 7;, obtained from the best
fitted curves of Figure 1, as a function of temperature. For
temperatures higher than ~2 K, the temperature dependence
of inelastic scattering time behaves like 7; oc 7797 and 7;
o< T7%72 for samples ID7111 and ID6072, respectively. It is
known that electron—electron interaction, involving small
energy transfer at each scattering event, has a temperature
dependence such that 7; o< T77'0,*® suggesting that this can
be the main inelastic scattering mechanism in these PbTe
QWs. In fact, measurements performed in PbTe quantum
point contacts suggest that electron-electron interaction may
play an important role despite the large dielectric constant
(69 ~ 1400 at T=4.2K).* Figure 3(b) shows the SO scatter-
ing time (ty,) as a function of temperature. The t,, values for
sample ID6072 are nearly constant if one does not consider
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Sample ID6072
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Sample ID7111
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the two points out of the curve, while for sample ID7111 val-
ues slightly decrease as temperature decreases. For the DP
mechanism the dependence t,, o 7, is expected.*” The
inset in Figure 3(b) presents the log plot of 7y, as a function
of 1, and shows Ty, o< 7,~ 7 for samples ID7111 and T, o
7,722 for samples ID6072. This deviation from DP model
can indicate that an additional contribution to SO is present
or that the model cannot properly describe the effects in
these samples. From Figure 3(b) we also found that the val-
ues of 7y, are smaller for sample ID6072 as compared to
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FIG. 3. Temperature dependence of (a) inelastic 7; and (b) spin-orbit T,
scattering times, as obtained from the best fitted curves of Figure 1. For tem-
peratures higher than ~2K, the inelastic scattering time for samples ID7111
and ID6072 behaves like 7; oc 7-%7 and 1; oc T-%72, respectively. These
dependencies suggest that electron-electron interaction is the main inelastic
scattering mechanism in these PbTe QWs. The values of t,, are smaller for
sample ID6072 as compared to those found to sample ID7111, indicating
that the SO coupling is stronger for sample ID6072. The inset presents the
log plot of , as a function of 1, and shows t,, o 7,7 for samples ID7111
and 7, o 7, > for samples ID6072 (see text for further explanation).

By (mT)

those found to sample ID7111, indicating that the SO cou-
pling is stronger for sample ID6072. This verification also
agrees with the wider minima separation in magnetoconduc-
tance found for this sample (see Figure 1).

In addition, from elastic and inelastic scattering times it
is possible to estimate the intensity of the zero field spin-
splitting energy due to SO interaction according to the rela-
tion*! Ay = \/fh(rgrm)‘%, where 7, is the elastic scattering
time, which was obtained from the mobility values presented
in Table I. The values of A, are presented in Figure 4(a) as a
function of the Fermi wave vector (kr = v/27n) that varies
with temperature according to n as shown in Table I.

07 ° ID7111
06 |- a | ©
05 (a) o ID6072
5 - Eg 4 |
04 e
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£ 03 |- DOOO o
2 u— - O o fe)
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k, (10°m™) T (K)

FIG. 4. (a) Zero field spin-splitting energy Ay, as a function of the Fermi
wave vector kg for the PbTe/Pb; _Eu,Te QW samples. The log plot shows
Aso ~ kp'? and A, ~ kz'* dependencies for samples ID7111 and ID6072,
respectively, indicating that the Rashba effect should be the main mecha-
nism responsible for the spin-orbit interaction. (b) The values of the fitting
parameter f as a function of temperature for both samples.
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According to the Rashba spin splitting theory, the energy
splitting has a linear dependency on kr and is given by
Agr = akp, where o is the coupling parameter. The log plot in
Figure 4(a) shows Ay, ~ kz'? and A,, ~ kp'* for samples
ID7111 and ID6072, respectively. This result indicates that
the Rashba effect should be the main mechanism responsible
for the SO interaction observed in these samples, in agree-
ment with the theoretical predictions for zero field energy
splitting in IV-VI QWs.lS’l() The values of A, varied from
0.38meV to 0.60meV for sample ID6072 and from
0.17meV to 0.26 meV for sample ID7111. These values are
of the same order of magnitude found for GaAs/Al,Ga;_,As
(0.17-0.26 meV) and In,Ga;_As/InP  (0.5-0.8 meV)
QWs.>7 The values found in the QWs investigated in this
work are also close to values theoretically predicted for
asymmetric CdTe/PbTe/PbSrTe QWs if only the first sub-
band for the longitudinal valley is occupied.** We show next
that this is the case of the QWs investigated here.

It is still necessary to discuss why good fits using the
HLN model are possible only if f parameter is introduced.
Figure 4(b) exhibits the values of f for the samples investi-
gated as a function of temperature. For sample ID7111, the f
values oscillate between 2.5 and 3.0, approximately. For
sample ID6072, one can observe a plateau around 1.5
between 2.0K and 7.0K, and an increasing of the f factor
that reaches 2.7 as temperatures decreases below 2.0K.
The reduced form of HLN model also contains a prefactor
o = —1/2 for each subband that carries a = Berry phase.*?
In the weak interband coupling limit, multiple independent
bands should add up to give a bigger value of o, ie., «
= —1.0 indicates two carrier channels. For PbTe/PbEuTe
QWs, multivalley transport is possible if the oblique and lon-
gitudinal valleys participate of the electrical transport
depending on the position of the Fermi level (¢r). Following
the procedure described in Ref. 39, we were able to calculate
the confinement energies of the longitudinal and oblique val-
leys in the 10.0nm and 14.5 nm QWs. For the 10.0nm QW,
the energies are 11, 38, 78, 123, 170, and 219 meV for the
longitudinal valley and 45 and 154 meV for the oblique val-
ley. The energies calculated for the 14.5nm QW are 5, 22,
45, 73, 105, 139, 173, and 207 meV for the longitudinal val-
ley and 28, 102, and 192 meV for the oblique valley.

Using the two-dimensional density of states, one can
derive the approximate &7 integrating over all possible sub-
bands to obtain the carrier density, i.e.,n =3, , [ D(E)dE,
where i is the number of confinement energies already com-
puted, / is the subband degeneracy, and ¢ is the spin degener-
acy. For this calculation, we considered the average carrier
concentration for both samples and obtained & = 14 meV
and ¢ = 12 meV for samples ID6072 and ID7111, respec-
tively. These Fermi energies demonstrate that only the first
longitudinal valley is occupied in both quantum wells and,
therefore, the values higher than unity for the f factor obtained
here are not originated from contribution from additional
subbands.

On the other hand, it is possible that contributions for
SO coupling come from the QWs barriers, leading to f values
higher than unity. For n-type Pb,_Eu,Te:Bi films, a metal
insulator transition occurs for x ~0.1.** This indicates that
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the QW barriers in sample ID7111 are not completely insula-
tors, but probably have a metallic phase that co-exists next to
the insulator region. This explains the higher values of f in
this sample and values closer to unity for sample ID6072,
where the barriers are farther from the insulator region.

IV. CONCLUSIONS

In this work, we presented the experimental investiga-
tion of SO coupling effect in n-type PbTe QWs by means of
weak antilocalization phenomena and confirmed the theoreti-
cal predictions of the existence of large Rashba effect in
these systems. For the analysis of the experimental data, we
made use of a global optimization computational method to
perform the fit of the complex HLN function to the experi-
mental data. We also verified that possible contributions
from the barriers can occur and that the HLN model can take
into account these contributions by introducing a multiplying
factor f as an additional free parameter. The electron-
electron interaction seems to be the dominating scattering
mechanism in these QWs. The zero field spin-splitting
energy Ay, observed in this work is of the same order as
compared to the values found to other semiconductor com-
pounds, also in agreement with predicted values for PbTe
QWs. These results obtained from the detailed analysis pre-
sented in this work enhance the possibility of application of
IV-VI compounds on the development of spintronic devices.
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