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Effect of electron-electron interactions on a two-dimensional electron gas
in II-VI ZnS 0.06Se0.94/Zn0.8Cd0.2Se quantum wells
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A magnetotransport study has been performed in II-VI ZnS0.06Se0.94/Zn0.8Cd0.2Se quantum wells. We ob-
served the quantum effects of weak localization and electron-electron interactions on the two-dimensional
electron gas in the Zn0.8Cd0.2Se well. The effective mass of electrons in this highly correlated system, deter-
mined from Shubnikov–de Haas measurements, exhibits a strong magnetic field dependence:m* /m050.143
10.0027B2. The mass enhancement is attributed to the ‘‘dressing’’ of electrons by the many-particle effect
due to electron-electron interactions.@S0163-1829~99!50540-7#
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The wide band gap ZnSe-based II-VI semiconduc
quantum wells have been extensively studied due to t
application for blue-green laser devices.1 The electro-optical
performance of quantum well devices is governed by
electronic properties of a two-dimensional electron g
~2DEG! in the well. The quantum effects become significa
and play a key role in the calculation of electronic properti
For example, the weak localization effect, which arises fr
the quantum interference of a single electron in a disorde
potential, has been observed in GaAs/AlxGa12xAs
heterostructures.2 The quantum effect of electron-electron i
teractions in GaAs/AlxGa12xAs heterostructures, which re
sults in a substantially modified energy vs wave-vector re
tion for noninteracting electron band structure, was stud
by Paalanenet al.,3 and a detailed study was made by Ch
et al.4 Up to date, it is found that there are three distin
quantum corrections to the conductivity of disordered 2D
in a III-V compound:~i! the correction from weak localiza
tion DsL , ~ii ! the correction from electron-electron intera
tion in the Cooper channel~particle-particle scattering chan
nel! DsC , and ~iii ! the correction from electron-electro
interaction in the diffusion channel~particle-hole scattering
channel! DsD .5 However, when the quantum well is mad
of a II-VI compound, which has a very different electro
configuration (s2d10) with more ionic bonding than covalen
bonding, the electron-electron interactions become m
complicated and the diffusive motion of electrons is stron
influenced by the Zeeman spin-splitting effect.6 If the Zee-
man spin-splitting energy is too large to be treated as a
turbation in the noninteraction Hamiltonian, the band str
ture derived from the single-electron Hamiltonian is
longer valid and the many-body effect on the electro
electron interactions needs to be considered. Rece
Jaroszynskiet al.observed the influence of thes-d exchange
interaction on the universal conductance fluctuations
Cd12xMnxTe, and proposed a new driving mechanism ba
PRB 600163-1829/99/60~16!/11281~4!/$15.00
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on the electron redistribution by thes-d exchange
spin-splitting.7 In those papers,6,7 the authors assumed tha
the effective mass is independent of the magnetic field. Ho
ever, the effective mass carries the information about
electron-electron interaction effect on the band structure.
actual effective mass is needed to understand the trans
properties of the strong-electron-interaction system. In t
paper, we present the results of the Shubnikov–de H
~SdH! measurements in ZnS0.06Se0.94/Zn0.8Cd0.2Se quantum
wells and the observations of the effect of electron-elect
interactions on the effective mass.

The sample structure used for this study is~from substrate
to top cap!: GaAs substrate,310 ZnSe/ZnxS12xSe strained
layer superlattice buffer, 0.6mm ZnS0.06Se0.94 barrier, 10 nm
Zn0.8Cd0.2Se well, 10 nm ZnS0.06Se0.94 spacer, 8 nm Cl-
doped ZnS0.06Se0.94 barrier, and 75 nm ZnS0.06Se0.94 cap.
Disordering defects have been reported on
ZnSe/ZnxCd12xSe quantum wells by many authors.8 A series
of the samples were previously used to study the defect le
and a negative persistent photoconductivity effect w
observed.9 In the magneto-transport experiment, the me
sured quantity is the resistivityrXX instead of the conductiv-
ity sXX . By inverting the conductivity tensor, the magn
toresistance of 2DEGr(B) can be written as@see Eq.~17! in
Ref. 4#:

r~B!5r01@11~vct!2#
ss

s0
22@12~vct!2#

ds i

s0
2 , ~1!

wherer05s0
21, and

ss52
s0

11~vct!2 2
~vct!2

11~vct!2

2p2kT

\vc

3cschF2p2kT

\vc
GcosF2pEF

\vc
Gexp~2p/vct!.
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Here,s0 is the Drude conductivity,EF is the Fermi energy
(EF5h2ne/4pm* ), vc5eB/m* , andds i is the conductiv-
ity correction from the electron-electron interactions. T
second term ofr(B) is just the SdH oscillation in 1/B,
ASdH(B,T)cos(2pfSdH/B), and the effective massm* and
scattering timet can be evaluated from the amplitud
ASdH(B,T). The electron densityne is directly determined by
the frequencyf SdH5hne/2e. The third term ofr(B) gives a
parabolic negative magnetoresistance (@etB/m* s0#2ds i),
which is contributed by theds i and has been observed
GaAs/AlxGa12xAs heterostructures by Paalanenet al.3 and
by Choi et al.4

Figure 1 shows the magnetoresistanceRXX against mag-
netic field B at temperatures from 4.20 K down to 1.18 K
The SdH oscillations are observed for the fields above 1.
The minima of the oscillations~e.g., at the filling factorsn
54,6,8, . . . ) do notshift with B as the temperature change
indicating that the electron density holds constant in t
temperature range. The Landau level index~equal ton/2) vs
1/B at the maximum and minimum peaks of the SdH os
lation is shown in the inset. The SdH frequencyf SdH derived
from the slope of the straight line gives the electron den
ne5(5.4060.04)31011cm22. The electron scattering timet
was obtained from the nonlinear least-square-fit of
B-dependent SdH amplitude to Eq.~1!, and equal to 0.37 ps
The mobility evaluated fromt is about 4 500 cm2/V s. In Fig.
1, it is found that the zero-field resistanceRXX(B;0) loga-
rithmically increases with the decreasing temperature.
plotted the low field data in Fig. 2. The magnetoresista
shows a ln(T) dependence at the low fields. An example
the data at B;0.01 T is shown in the inset:R(T)
510.09– 0.77 ln(T). As we mentioned before, the correctio
of weak localizationDsL will result in a ln(T) dependence a
zero field for a disordered 2DEG in the ‘‘dirty metal
region.10 However, in addition to the correction of weak lo
calizationDsL , the corrections of electron-electron intera
tions in the Cooper channelDsC and the diffusion channe
DsD also share the similar ln(T) dependence near the ze
field.11 Since each quantum correction has a differentB de-
pendence, we can separate the three corrections by app

FIG. 1. The SdH measurements of the sample at tempera
from 4.20 K down to 1.18 K. The inset shows the Landau le
index vs 1/B for the data ofT51.18 K.
T.
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the magnetic field. Because the weak localization effec
due to the quantum interference of coherent ‘‘backscat
ing’’ for Cooper propagators, the application of a perpe
dicular field breaks the time-reversal invariance of t
‘‘backscattering,’’ and consequently suppresses the weak
calization effect. When the magnetic length of the Coop
propagator (\/2eB)1/2 is less than the elastic mean free pa
l e , the localization effect will totally vanish.12 Therefore, the
weak localization effect can be ignored when the appl
field B is greater than the characteristic fieldB15\/2ele

2. We
evaluatedB1;0.11 T, with l e5nFt, wheret50.37 ps and
the Fermi velocity nF is given by the electron densit
(5.4031011cm22). Thus, the ln(T) dependence ofRXX at
low fields ~e.g.,,0.11 T! is contributed, in part, by the wea
localization effect.

The third term of Eq.~1! gives a negativeB2-dependent
magnetoresistance which is contributed by the electr
electron interactions.3,4 The dashed line in Fig. 2 is the resu
of a least-square-fit for the data ofT54.20 K, which has the
least effect of weak localization, at low fields (B,0.16 T):
RXX(B)58.975– 5.9B2. To distinguish the contributions o
the electron-electron interactions betweenDsC and DsD ,
we rotated the sample orientation against the magnetic fi
Figure 3 shows theRXX vs the perpendicular component o
the magnetic fieldB cosu, where the zero of they axis has
been offset for easy comparison. The minimum positions
the SdH oscillations shift along withB cosu. It is a charac-
teristic property of a 2DEG and Fig. 3 confirms that t
electron carriers are two-dimensional. The data ofu589°
and21° were plotted againstB in the inset. For a 2DEG in
the ‘‘pure metal’’ region, when the applied field is parallel
the 2DEG the SdH oscillations will vanish andRXX is con-
stant~i.e., independent ofB!. This is true even for the two-
subband occupied 2DEG; for example, seeu590° in Fig. 2
of Ref. 13. However, for the data ofu589° in the inset of
Fig. 3, the RXX depends onB in two different ways: the
negativeB2 dependence in low fields and the positive log
rithmic B dependence in high fields~shown by the two
dashed lines!. The electron-electron interaction in the diffu
sion channelDsD is affected by a magnetic field only via th

es
l

FIG. 2. The low field data of Fig. 1. The dashed line is a res
of least-square-fit to the data ofT54.20 K forB,0.16 T. The inset
shows a ln(T) dependence of the magnetoresistance atB;0.01 T.
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Zeeman spin-splitting energy. Because the Zeeman s
splitting energy depends only on the total magnetic stren
and is independent of the magnetic orientation, theB depen-
dence ofDsD is isotropic. On the contrary, bothDsL and
DsC are orbital effects~e.g., Cooper propagators! and de-
pend on the perpendicular component of the magnetic fi
They totally vanish when the applied field is parallel to t
2DEG. By comparing with theRXX at u;21° ~which is
contributed by all three quantum effects!, we found that the
negativeB2-dependent magnetoresistance atu;89° ~which
is contributed only byDsD) is reduced when the orbita
effects (DsL and DsC) are removed. But the negativ
B2-dependent magnetoresistance does not completely va
with the removal ofDsL andDsC . It means that, in addition
to the orbital effectsDsL and DsC , the electron-electron
interaction in the diffusion channelDsD also contributes to
theRXX even at the low fields. WhenB.1.7 T, which is the
intersection of the two dashed lines, the positive logarithm
B dependence for the data ofu589° becomes important an
dominates theRXX at higher fields. When the Zeeman spi
splitting energy ofDsD becomes significant, the applicatio
of magnetic field increases the electron-electron interac
and hence a positive logarithmicRXX is expected.4 In this
case, the correction of the magnetoconductivity due toDsD
becomes:ds(B)2ds(0)52e2Fg2(x)/4p2\, where F is
the interaction parameter,g2(x) is a numerical function, and
x5gmBB/kT. Here, g2(x)5 ln(x/1.3) for x@1, andg2(x)
50.084x2 for x!1.14 Because the electron-electron intera
tion of DsD reduces the conductivity and the applied ma
netic field enhances the interaction, consequently, the m
netoresistance increases forB.1.7 T. The positive
logarithmic RXX was observed in the other ZnS0.06Se0.94/
Zn0.8Cd0.2Se quantum wells also. Therefore, we attribute
positive logarithmicRXX to the effect of electron-electro
interaction on the Zeeman spin-splitting energy inDsD .

The electron-electron interactions result in a modificat
of the band structure, and therefore the effective mass.
effective mass is obtained from theT-dependent SdH oscil
lations in Fig. 1. Figure 4 shows the amplitude of SdH o
cillations againstT at some selected fields of the minimu

FIG. 3. The u-dependent SdH measurements of the sam
againstB cosu at T50.5 K. The inset shows theRXX for u521°
and 89° vs the magnetic fieldB.
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and maximum SdH peaks. The solid lines are drawn from
nonlinear least-square-fit to theT-dependent amplitude o
SdH oscillation in Eq.~1!. The results of the calculated e
fective mass are plotted in the inset. It is found that t
effective mass strongly depends on the magnetic fie
m* /m050.14310.0027B2. The mass of the extrapolation t
zero field, m* 5(0.14360.002)m0 , is in very good
agreement with the result of cyclotron resonance m
surement, m* 5(0.14460.001)m0 , recently obtained in
ZnSe/ZnxCd12xSe quantum wells by Nget al.15 We also
compared our results with the results obtained by Shaoet al.
~the solid squares shown in the inset!, who used the same
technique~SdH measurement! on a similar sample.16 The
effective mass obtained by Shaoet al. shows a strong field
dependence as well. As we mentioned before, when
electron-electron interactions become significant, the b
structure derived from the noninteraction Hamiltonian is
longer valid. If the band structure is rigid and independent
B, then both the effective massm* andg factor of electron
will hold constant under the magnetic field. However, Wa
et al.17 studied the spin interaction of electron-hole
GaAs/AlxGa12xAs quantum wells and found that the Ze
man spin-splitting energy depends onB2. Besides, it is found
by further studies that the effectiveg factor of 2DEG in
GaAs/AlxGa12xAs shows a large exchange-induced e
hancement and exhibits a strong dependence on the mag
field.18 Therefore, when the magnetic field is applied, t
electron-electron interactions will result in a enhancemen
effective mass. Since the Zeeman spin-splitting ene
strongly depends on the magnetic field, so does the m
enhancement due to the electron-electron interaction
DsD . We believe that the electron-electron interaction
DsD in our system~II-VI compound! is stronger than that in
GaAs/AlxGaAs, and results in the field dependent effect
mass in Fig. 4. TheB2-dependent mass enhancement is d
to the ‘‘dressing’’ of electrons by the many-particle effect
electron-electron interaction.

le FIG. 4. The SdH amplitude obtained from Fig. 1 is plotte
against temperature at different fields. The solid lines are the n
linear least-square-fit to the second term of Eq.~1!. The
B2-dependent effective mass obtained from the nonlinear fi
shown in the inset~open circles! and the results of Ref. 16 ar
shown in solid squares.
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It is noted that in a bulk~3D! magnetic II-VI compounds,
such as Cd12xMnxSe ~Ref. 6! or Cd12xMnxTe,7 which con-
tain partially filled d shells of Mn ions, thes-d exchange
interaction itself contributes to the increasing electro
electron interactionDsD .6,7 When the 3D electron system
turns into a two-dimensional system of quantum wells,
discontinuity in the band structure at the interface and
strong electric field in the potential well will influence th
interaction between different bands and so lead to a varia
in the measured band parameters like effective massm* and
the g factor. In GaAs/AlxGa12xAs quantum well, the
nonlinear-field-dependentg factor has been experimental
observed,18 and can be explained by the exchange eff
among electrons in the Landau levels.19 The direct measure
ment of Zeeman spin splitting of GaAs/AlxGa12xAs quan-
tum wells showed aB2 dependence.17 It reveals that even
without thes-d exchange interaction, the Zeeman spin sp
ting of two-dimensional electron systems~e.g.,
GaAs/AlxGa12xAs quantum wells! will influence the band
structure and give a nonlinear dependence on magnetic
strength. Similar calculations have been worked out in In
~Ref. 20! and GaSb/InAs.21 In our samples, the
ZnS0.06Se0.94/Zn0.8Cd0.2Se quantum wells, although the fe
romagnetic property is removed due to the absence of
ions, the Zeeman spin splitting still influences the band str
ture of two-dimensional electron systems in the well. O
data can be used to check the theoretical band param
ys
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obtained by Pulset al.22 In Puls’ paper, they evaluated th
band parameters by comparing the experimental data of
magnetoexcitons in Zn12xCdxSe/ZnSe multiple quantum
wells with a numerical solution of the Schro¨dinger equation
for the in-plane motion of the magnetoexcitons. In their c
culation, a noninteracting Hamiltonian was applied to a tw
band model, and the effective mass was kept fixed when
magnetic field changed. They concluded that the effec
mass is about 0.122m0 , which disagreed with our data an
the data of other groups.15,16 Even in the exciton absorption
results, particularly forxCd50.21 @see Fig. 2~c! of Ref. 22#,
the deviation is obvious in the field range (B.2 T) for Fig.
2~c!, where our experimental results showed aB2-dependent
effective mass. Therefore, from the comparison between
magnetoexciton study~Puls’ results! and our magnetotrans
port study, we believe that the many-particle effect
electron-electron interaction needs to be included in the b
calculation for degenerated 2DEG.
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