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A magnetotransport study has been performed in 1I-VI ZpSe 94/Zny £Cdy ;Se quantum wells. We ob-
served the quantum effects of weak localization and electron-electron interactions on the two-dimensional
electron gas in the ZnpCd, ,Se well. The effective mass of electrons in this highly correlated system, deter-
mined from Shubnikov—de Haas measurements, exhibits a strong magnetic field dependénge: 0.143
+0.002B2. The mass enhancement is attributed to the “dressing” of electrons by the many-particle effect
due to electron-electron interaction§0163-182809)50540-1

The wide band gap ZnSe-based II-VI semiconductoron the electron redistribution by thes-d exchange
quantum wells have been extensively studied due to theispin-splitting’ In those paper$/ the authors assumed that
application for blue-green laser deviceShe electro-optical the effective mass is independent of the magnetic field. How-
performance of quantum well devices is governed by theever, the effective mass carries the information about the
electronic properties of a two-dimensional electron gaglectron-electron interaction effect on the band structure. The
(2DEG) in the well. The quantum effects become significantactual effective mass is needed to understand the transport
and play a key role in the calculation of electronic propertiesProperties of the strong-electron-interaction system. In this
For example, the weak localization effect, which arises fromPaper, we present the results of the Shubnikov—de Haas

the quantum interference of a single electron in a disordere(SdH) measurements ifl ZRSS) 94/ZNy sCy sSe quantum
potential, has been observed in GaAs@d ,As wells and the observations of the effect of electron-electron
) —X

heterostructure$The quantum effect of electron-electron in- interactions on the effective mass.. .
teractions in GaAs/AGa, ,As heterostructures, which re- The sample structure used for this studyfiem substrate

sults in a substantially modified energy vs wave-vector reIa:[0 top cap: GaAs substratex 10 ZnSe/ZgS, ,Se strained

tion for noninteracting electron band structure, was studied?y®" superlattice buffer, 0.6m Zn$, 636,04 barrier, 10 nm

by Paalaneret al,® and a detailed study was made by Choi dg%z%doz'znsg (g:)"’ 1b0ar?ir(:r Z:n%”’s?g"gr‘:n? p;;;:;s; nn;agl-
etal® Up to date, it is found that there are three distinct 0627094 ’ o0 .94~

. o ) Disordering defects have been reported on the
quantum corrections t_o the conduc_t|V|ty of disordered 2DEGZnSe/Zr;Cd1,XSe quantum wells by many authdra. series

in a 1ll-V compound:(i) the correction from weak localiza- o he samples were previously used to study the defect level
tion Ao, (ii) the correction from electron-electron interac- gng a negative persistent photoconductivity effect was
tion in the Cooper channgparticle-particle scattering chan- opserved. In the magneto-transport experiment, the mea-
nel) Aoc, and (iii) the correction from electron-electron syred quantity is the resistivifyyy instead of the conductiv-
interaction in the diffusion channgparticle-hole scattering ity o,. By inverting the conductivity tensor, the magne-

channel Aoy, .° However, when the quantum well is made toresistance of 2DEG@(B) can be written afsee Eq(17) in
of a II-VI compound, which has a very different electron Ref. 4);

configuration 62d'% with more ionic bonding than covalent

bonding, the electron-electron interactions become more o o
complicated and the diffusive motion of electrons is strongly p(B)=po+[1+ (w72 ] —=—[1— (0] —, (1)
influenced by the Zeeman spin-splitting effédf. the Zee- 70 70

man spin-splitting energy is too large to be treated as a per- -1
turbatign inpthe r?onintegrgction Han?iltonian, the band strLch—WherepO_(TO » and
ture derived from the single-electron Hamiltonian is no

2 2

longer valid and the many-body effect on the electron- N 90 (we7)” 27°KT
electron interactions needs to be considered. Recently, s 1+ (wer)? "1+ (wer)? hog
Jaroszynsket al. observed the influence of tlsed exchange 2

: : ; . : 27°KT 27E

interaction on the universal conductance fluctuations in F _

ol ! X csc co expl— 7l w.T).

Cd, _,Mn,Te, and proposed a new driving mechanism based hog hwg
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FIG. 1. The SdH measurements of the sample at temperatures FIG. 2. The low field data of Fig. 1. The dashed line is a result
from 4.20 K down to 1.18 K. The inset shows the Landau level©f least-square-fit to the data ©&=4.20 K forB<0.16 T. The inset
index vs 1B for the data ofT=1.18 K. shows a In{) dependence of the magnetoresistancB-a0.01 T.

Here, o, is the Drude conductivityEg is the Fermi energy the magnetic field. Because the weak localization effect is
(Ep=h®n4mm*), w,=eB/m*, anddo; is the conductiv- due to the quantum interference of coherent “backscatter-
ity correction from the electron-electron interactions. Theing” for Cooper propagators, the application of a perpen-
second term ofp(B) is just the SdH oscillation in B, dicular field breaks the time-reversal invariance of the
Asq(B,T)cos(2rfsgy/B), and the effective mass’* and  “backscattering,” and consequently suppresses the weak lo-
scattering timer can be evaluated from the amplitude calization effect. When the magnetic length of the Cooper
Asgr{B,T). The electron density, is directly determined by ~propagator £/2eB)"?is less than the elastic mean free path
the frequencyf sqy=hng/2e. The third term ofp(B) gives a e, the localization effect will totally vanist: Therefore, the
parabolic negative magnetoresistan¢e8/m* 04]2807), weak localization effect can be ignored when the applied
which is contributed by theSo; and has been observed in field B is greater than the characteristic fiE@I=ﬁ/2eI§. We
GaAs/AlLGa,_,As heterostructures by Paalanenal® and  evaluatedB;~0.11T, withl,=vg7, where 7=0.37 ps and
by Choiet al* the Fermi velocity v is given by the electron density
Figure 1 shows the magnetoresistafg, against mag- (5.40< 10 cm™?). Thus, the In{) dependence oRyy at
netic field B at temperatures from 4.20 K down to 1.18 K. low fields(e.g.,<0.11 T) is contributed, in part, by the weak
The SdH oscillations are observed for the fields above 1.5 Tlocalization effect.
The minima of the oscillationge.g., at the filling factors The third term of Eq(1) gives a negative8?-dependent
=4,6,8 . ..) do notshift with B as the temperature changes, magnetoresistance which is contributed by the electron-
indicating that the electron density holds constant in thiselectron interaction? The dashed line in Fig. 2 is the result
temperature range. The Landau level indegual tov/2) vs  of a least-square-fit for the data ©f=4.20 K, which has the
1/B at the maximum and minimum peaks of the SdH oscil-least effect of weak localization, at low fieldB{0.16 T):
lation is shown in the inset. The SdH frequerfey derived Ryx(B)=8.975-5.82. To distinguish the contributions of
from the slope of the straight line gives the electron densitythe electron-electron interactions betweknc and Aop,
ne=(5.40+0.04)x 10t cm 2. The electron scattering time  we rotated the sample orientation against the magnetic field.
was obtained from the nonlinear least-square-fit of theFigure 3 shows th&yy vs the perpendicular component of
B-dependent SdH amplitude to Ed), and equal to 0.37 ps. the magnetic fieldB cosd, where the zero of thg axis has
The mobility evaluated fromris about 4500 cAfV s. In Fig.  been offset for easy comparison. The minimum positions of
1, it is found that the zero-field resistanBgy(B~0) loga- the SdH oscillations shift along witB cosé. It is a charac-
rithmically increases with the decreasing temperature. Weeristic property of a 2DEG and Fig. 3 confirms that the
plotted the low field data in Fig. 2. The magnetoresistanceslectron carriers are two-dimensional. The datafef89°
shows a In{) dependence at the low fields. An example ofand —1° were plotted againd® in the inset. For a 2DEG in
the data atB~0.01T is shown in the insetR(T) the “pure metal” region, when the applied field is parallel to
=10.09-0.771n7). As we mentioned before, the correction the 2DEG the SdH oscillations will vanish afty is con-
of weak localizatiom\ o will result in a In(T) dependence at stant(i.e., independent oB). This is true even for the two-
zero field for a disordered 2DEG in the “dirty metal” subband occupied 2DEG; for example, $2e90° in Fig. 2
region® However, in addition to the correction of weak lo- of Ref. 13. However, for the data @f=89° in the inset of
calizationA o, the corrections of electron-electron interac- Fig. 3, the Ryyx depends orB in two different ways: the
tions in the Cooper channdlo¢ and the diffusion channel negativeB? dependence in low fields and the positive loga-
Aop also share the similar Ifif dependence near the zero rithmic B dependence in high fieldsshown by the two
field.* Since each guantum correction has a diffe@rte-  dashed lines The electron-electron interaction in the diffu-
pendence, we can separate the three corrections by applyisgpn channel o is affected by a magnetic field only via the
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FIG. 3. The ¢-dependent SdH measurements of the sample FiG. 4. The SdH amplitude obtained from Fig. 1 is plotted

againstB cos# at T=0.5K. The inset shows thByy for 6=—1° against temperature at different fields.
and 89° vs the magnetic fiell linear least-square-fit to the secon

The solid lines are the non-
d term of E{J). The

B2-dependent effective mass obtained from the nonlinear fit is
Zeeman spin-splitting energy. Because the Zeeman spirghown in the inse{open circlej and the results of Ref. 16 are

splitting energy depends only on the total magnetic strengt§hown in solid squares.
and is independent of the magnetic orientation, Bheepen-

dence ofAoyp is isotropic. On the contrary, botho, and  and maximum SdH peaks. The solid lines are drawn from the
Ao are orbital effectse.g., Cooper propagatgrand de- nonlinear least-square-fit to tHB-dependent amplitude of

pend on the perpendicular component of the magnetic fieldsdH oscillation in Eq(1). The resu

Its of the calculated ef-

They totally vanish when the applied field is parallel to thefective mass are plotted in the inset. It is found that the

2DEG. By comparing with theRyyx at 6~ —1° (which is  effective mass strongly depends

on the magnetic field:

contributed by all three quantum effegtsve found that the  m*/m,=0.143+0.002B2. The mass of the extrapolation to

negativeB?-dependent magnetoresistancedat89° (which  zero field, m*=(0.143+0.002)m,

, is in very good

is contributed only byAop) is reduced when the orbital agreement with the result of cyclotron resonance mea-

effects Ao and Aoc) are removed. But the negative surement, m* =(0.144+0.001)m,,

recently obtained in

B2-dependent magnetoresistance does not completely vanigthSe/zZnCd, _,Se quantum wells by Nget all® wWe also
with the removal o\ o andAoc . It means that, in addition  compared our results with the results obtained by Staa.
to the orbital effectsAo and Ao, the electron-electron (the solid squares shown in the insewho used the same

interaction in the diffusion channélo, also contributes to  technique(SdH measurementon a

similar samplé® The

the Ryx even at the low fields. WheB>1.7 T, which is the  effective mass obtained by Shabal. shows a strong field
intersection of the two dashed lines, the positive logarithmiaiependence as well. As we mentioned before, when the
B dependence for the data 6 89° becomes important and electron-electron interactions become significant, the band
dominates thdryy at higher fields. When the Zeeman spin- structure derived from the noninteraction Hamiltonian is no
splitting energy ofA op becomes significant, the application longer valid. If the band structure is rigid and independent of

of magnetic field increases the electron-electron interactio®, then both the effective mass* a

nd g factor of electron

and hence a positive logarithmRyy is expected. In this  will hold constant under the magnetic field. However, Wang

case, the correction of the magnetoconductivity dudAég, et all’ studied the spin interacti

on of electron-hole in

becomes:da(B) — 80(0)= —e?Fg,(X)/4m°h, whereF is  GaAs/ALGa _,As quantum wells and found that the Zee-
the interaction parameteg,(x) is a numerical function, and man spin-splitting energy depends B Besides, it is found
x=gugB/KT. Here, g,(x)=In(x/1.3) for x>1, andg,(x) by further studies that the effectivg factor of 2DEG in
=0.084¢? for x<1.}* Because the electron-electron interac-GaAs/ALGa,_,As shows a large exchange-induced en-
tion of Aop reduces the conductivity and the applied mag-hancement and exhibits a strong dependence on the magnetic

netic field enhances the interaction, consequently, the madield.!® Therefore, when the magn

etic field is applied, the

netoresistance increases foB>1.7T. The positive electron-electron interactions will result in a enhancement of
logarithmic Ryx was observed in the other Zp&Se o,/  effective mass. Since the Zeeman spin-splitting energy
Zn,y Cdy ,Se quantum wells also. Therefore, we attribute thestrongly depends on the magnetic field, so does the mass
positive logarithmicRyx to the effect of electron-electron enhancement due to the electron-electron interaction of
interaction on the Zeeman spin-splitting energyAiory . Aop. We believe that the electron-electron interaction of

The electron-electron interactions result in a modificationA o in our systen(ll-VI compound

is stronger than that in

of the band structure, and therefore the effective mass. ThéaAs/ALGaAs, and results in the field dependent effective
effective mass is obtained from tiedependent SdH oscil- mass in Fig. 4. Th&2-dependent mass enhancement is due
lations in Fig. 1. Figure 4 shows the amplitude of SdH os-to the “dressing” of electrons by the many-particle effect of

cillations againsfl at some selected fields of the minimum electron-electron interaction.
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It is noted that in a bulk3D) magnetic II-VI compounds, obtained by Pulet al?? In Puls’ paper, they evaluated the
such as Cgd_,Mn,Se(Ref. 6 or Cdy_,Mn,Te,” which con-  band parameters by comparing the experimental data of the
tain partially filledd shells of Mn ions, thes-d exchange magnetoexcitons in Zn,CdSe/ZnSe multiple quantum
interaction itself contributes to the increasing electron-wells with a numerical solution of the Scliager equation
electron interactiom o, .*” When the 3D electron system for the in-plane motion of the magnetoexcitons. In their cal-
turns into a two-dimensional system of quantum wells, thecylation, a noninteracting Hamiltonian was applied to a two-
discontinuity in the band structure at the interface and thgyand model, and the effective mass was kept fixed when the
strong electric field in the potential well will influence the magnetic field changed. They concluded that the effective
interaction between different bands and so lead to a variatiop, 555 is about 0.128,, which disagreed with our data and
in the measured band parameters like effective m&sand  he gata of other group$X® Even in the exciton absorption
the g factor. In GaAs/AlGa _,As quantum well, the g iis particularly foxes=0.21[see Fig. &) of Ref. 22,
nonllnear-gleld-dependerg factor has been experimentally the geviation is obvious in the field rangB¥% 2 T) for Fig.
observed’ and can be explained by the exchange effechc), where our experimental results showeB%dependent
among electrons in the Landau levElsThe direct measure-  gfteciive mass. Therefore, from the comparison between the
ment of Zeeman spin splitting of GYaAsQGai,XAs quan-  magnetoexciton studgPuls’ result$ and our magnetotrans-
tum wells showed &8 dte_pendencé. It reveals that even ot study, we believe that the many-particle effect of
without thes-d exchange interaction, the Zeeman spin split-g|ectron-electron interaction needs to be included in the band

ting of two-dimensional electron systems(e.g.,  cglculation for degenerated 2DEG.
GaAs/ALGa _,As quantum wells will influence the band

structure and give a nonlinear dependence on magnetic field The authors would like to thank Dr. P. M. Hemenger, Y.
strength. Similar calculations have been worked out in InSKC. Chang, Y. C. Lee, W. C. Wu, M. Ahoujja, P. E. Perrin,
(Ref. 20 and GaSb/InAS! In our samples, the W.H.Lan, andS. L. Tu for their assistance, and Y. W. Suen
ZNnS,) 065&).94/ZNg £Cy 5Se quantum wells, although the fer- for the helpful discussion. The work at National Sun Yat-Sen
romagnetic property is removed due to the absence of Miniversity was supported in part by the National Science
ions, the Zeeman spin splitting still influences the band struc€ouncil of Taiwan. One of the authofsL.) thanks the sup-
ture of two-dimensional electron systems in the well. Ourport of the Air Force Research Laboratofthe former
data can be used to check the theoretical band parametéfgright Laboratory via Systran Corporation.
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