PHYSICAL REVIEW B VOLUME 54, NUMBER 3 15 JULY 1996-I

Effects of the screened exchange interaction on the tunneling and Landau gaps
in double quantum wells

Danhong Huang and M. O. Manasreh
Phillips Laboratory (PL/VTRP), 3550 Aberdeen Avenue SE, Building 426, Kirtland Air Force Base, New Mexico 87117

(Received 2 January 1996

A self-consistent screened Hartree-Fock calculation, combined with the Landau quantization of in-plane
electron motion, is performed to find the eigenstates and eigenenergies of electrons in double quantum wells.
This theory is applicable to both the low and strong magnetic-field cases. The screened exchange interaction is
calculated by using a generalized Thomas-Fermi screening model. The approximately linear increase of the
tunneling gap at low magnetic field8&9 T) and the switching of the ground state between the tunneling-
split first Landau levels are seen and explained as a result of the increase of screening effects on the exchange
interaction when both tunneling-split first Landau levels are fil[&D163-1826)00623-4

There have long been both theoretical and experimentadable to both low B<9 T) and strong magnetic-field
interests in double-quantum-well structures in the presencéB>9 T) cases. In our model, the screened exchange inter-
of an external magnetic field. The destruction of integeraction is calculated using a generalized Thomas-Fermi
guantum Hall states with odd filling factors in double- screening model. From our numerical computation, we find
quantum-well structures and in a single wide quantum welthe approximately linear increase of the tunneling gap at low
was observed recently? Several theoretical explanatidh§  magnetic fields B<9 T) and the switching of the ground
were given for these observations. Also, the collapse of thétate between the tunneling-split Landau levels, which are
fractional quantum Hall states in the single wide quamumexplained as a result of the increase of screening effects on
well” and half integer fractional quantum Hall state in thethe e€xchange interaction when both the tunneling-split first
double-quantum-well structdt& was reported. The theoreti- Landau levels are flIIed. Ir_1 our.calchann,_ we concentrate
cal explanations to these experimental findings werd" the strong-coupling region vylth th|n_ barner,l which is out
proposed~12for both single wide quantum-well and double- f the Coulomb gap region with a thick barrier. The pre-
guantum-well structures. Some theoretical calculations orﬁjICteOI switching of the ground state bel® T in this paper

the magnetoroton excitation spectriit®and the suppres- is different and, to our knowle_dge, the first reported in this
. ) . 1617 system that can be observed in the cyclotron resonance ex-
sion of the spin-density excitatith'’ were shown. More re-

. L periment as an anticrossing of two resonance peaks.
cently, the effect of an in-plane magnetic field onzthe elec- The model we consider is a doped symmetric double-
tron tunneling was studied both experimentdly® and ¢ antum-wellDQW) structure that contains two wells sepa-
theorefically”* , o rated by a middle barrier. An external magnetic field is ap-
The electron tunneling behavior in the presence of a Perplied perpendicular to the planes of quantum wells. In the
pendicular magnetic field was also found very interestingse|f.consistent screened Hartree-Fock approximation, the
and nontrivial>*® where instead of a/B dependence an yertical electron motion in the direction perpendicular to
approximately linearB dependence of the tunneling gap the DQW is described by the Schiiager equation contain-

f_rom the dp measurement was observed. This behavior wagg poth the DQW potentiaVpow(2) and the self-consistent
first explained by Yang and MacDonald as a result of theqartree potential®/,(z),%

“Coulomb gap™’ in the density of states when the filling
factor is less than unity. Unfortunately, this explanation only
produced a/B dependence on the tunneling gap, which is [ 52 d ( 1 d

not supported by a recent experiméhBesides, the screen- 5 dz\m*(2) dz

*

ing effects on the exchange interaction is neglected in their m*(z) dz
calculation?” The magnetoplasmon excitation in the double- =E;¢;(2), (1)
quantum-well structure was also calculatédHowever, the
effect of the Landau quantization in the presence of a mag-
netic field was not included in the self-consistent Hartreewherej=1, 2, ... is thesubband index and* (z) is the
calculation of the eigenstates and eigenenergies irztiie  position-dependent effective mass of electrons that varies
rection. This limits the application of their theory most to the from well to barrier materials. Meanwhile, the in-plane elec-
very week magnetic-field case. tron motion in each subband in the DQW is Landau quan-

In this paper, we have performed a self-consistentized in the presence of a magnetic fi@dperpendicular to
screened Hartree-Fock calculation combined with the Lanthe DQW. In the Landau gauge, we can assign a plane wave
dau quantization of the in-plane electron motion to find thefor the electron motion in thg direction and the electron
eigenstates and eigenenergies of electrons in a doubleaotion in thex direction is determined from another Schro
quantum-well structure. This theory is expected to be applidinger equatioht

*+Voowl(2) +Vn(2) | ¢i(2)
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_ 1 The charge neutrality condition for the completely ionized
_( B _) hrarciénk, (X) @ gonors leads us to
wheren=1, 2, ... is theLandau quantum numbem; is +oo +o o .
the electron effective mass in thith subband, which will be f_ dz n(z) =nyp= f_m dz ,\fm(z)+2 Nim(i)

given below,w¢j= eB/m is the cyclotron frequency in the

jth subbandX,= —k |H is the orbital guiding center in the wheren,, is the areal electron density. Equatit® can be
plane ky is the electron wave number in tiyedirection, and  used to determing. in a self-consistent way. The total elec-
|, = Vh/eBis the magnetic length. In Eql), the shape of a tron energy including both the in-plane and vertical electron
symmetric DQW potential is chosen as motions can be written as

Voou(2) Enj=(N—3)fiwg+Ej+ Vg, (10
:[0’ _dW__dB/2< 2=~ dg/2 Ordp/2<2<dg/2+ dw whereV?. is the exchange energy and will be given below.
Vo otherwise, From the self-consistent equatiof$)—(9), we are able to

() calculate the eigenstai#;(z) and total eigenenergk,; in
each step. Consequently, the eigenstate in each step is found

where dy, is the individual well width,dg is the middle- to be

barrier width, andv, is the middle-barrier height. The Har-
tree potential can be directly calculated from the Poisson

equatior® o explikyy) 1
i lpnjky(r)_ \/L_y 77_1/22n—1n!|H
e
=~ [n(@=Nin(2)]. 4 F{(X_XO)Z
0 X ex 5
212

X—X

Hn_l( - °)¢,~<z>, (1)

d
&n(2) 3, V()

d
dz

In Eq. (4), ex(2) is the dielectric constant of the well or
barrier bulk materials, which varies wita. n(z) is the = WhereHy(x) is thenth-order Hermite ponnom|aI and, is

e|ectron_density function the size of the Sample in tr}ed”ecuon
Based on the calculated self-consistent wave function
E 1 z,/xn,-ky(r) and subband eddg,; in each step, we can compute
n(2)=—= 2 [ 1 the screened exchange energy that is needed to finish the
7l 03 | expl[Ej+(n—3)fiwg— ucll ke TH+1 self-consistent Hartree-Fock calculation. A straightforward
><|¢-(z)|2 (5) calculation brings us to the restit
J )
whereT is the electron temperature apg is the chemical F 1 te
. e . : . = dgyq
potential at finiteT. N;,(2) is the donor doping density pro- 2 XyHxy
file

1
X
( eXn:(En/]r_,U/c)/kBT]‘l' 1 J
X |An’n(qu)|2V;:j ,(qu), (12)

Nim(z>=N3D(z>+2 NZ(i)6(z—z), (6)

which includes both the selective doping aéidloping con- . . .
tributions, whereN2>(i) is the sheet density fof doping in where g, = gy + dy is the module of a two-dimensional

theith layer atz=z, . Because the electron effective masses Egﬁtl\;ﬁgf?g (. qy) and the form factor due to Landau
in the well and barrier materials are different and by usmgq

the first-order perturbation theory, we find the “average”

effective mass, used in Eql), for the electrons in th¢th | Ap ()| 2= qu Ns—n.

subband to b& n'n{Gxy
1 P 1-P e — TR [ pneno[ Gt |
=l Y] R T2 )| e 2 )|

(13
which depends on the subband index. Hexg and mg are
the electron effective masses in the well and barrier materiln Eq. (13), n.=min(n,n’), n.=max{,n’), and /;‘”)(z) is
als, respectively. In Eq(7), the electron quantum-well the generalized Laguerre polynomial. By using a generalized
dwelling probability is calculated as Thomas-Fermi screening model, we find
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where €, is the average background dielectric constant and 3 E(1,2)
Jm(Clxes) is the inverse of the static dielectric-function T 60 L P o e A
matrIX3 o b E(1 1)
—
qTF 50 | | I | 1 | | |
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Magnetic Field (T)
In Eq. (15), we have defined the notations
FIG. 1. Landau levels as a function of the magnetic figldThe
+o0 +0 Landau-level labeE(n,j) corresponds to the notatidg,; in the
ﬁj(qu):f dzf dz'|#i(2)|? text, wheren is the Landau label anflis the subband index. The
- o dashed line is for the chemical potentja] .

X exp(—aylz—2'D]¢j(2)I%, (16)

and the inverse of the Thomas-Fermi screening length Figure 2 displays the screened exchange enehgﬁgsn

the same magnetic-field region. The negative exchange en-

e? 1 ergy first increases from high magnetic field downBe 9
qJ > > T, and then starts to decrease B9 T. The reason for this
2mlii€o€n ™ \/27TF change can be explained as follows. When the magnetic field

L 5 is reduced down t=9 T, one of the tunneling-split first
< ex —[uc—Ej—(n—3)hag] 17 Landau level€; becomes gradually populated. As a result,
2Fj2 ' the negative exchange interactiorlfj increases with the

pulation of Landau levet,;, where the screening effects

where we have assumed a Gaussian form of the Landau- Ievg the exchange interaction play only a negligible role as

broadening. The uniform broadening of Landau level supery,iner tunneling-split first Landau level is depopulated.

posed on thgth subband in Eq(17) is taken a8 However, as we further bring down the magnetic field, both
1 h tunnel-split first Landau level&,; and E;, are filled as

1“].2 ﬁwCJ (18) shown in Fig. 1. In this case, the screening effects on the

2m exchange interaction becomes dominant. Therefore, the

wherer is the relaxation time of electrons by scattering andnegative exchange energN!E are all reduced. Furthermore,
can be determined from the sample mobility. This is a resultve find that the reduction of the negative exchange energies
of the Born approximation. Vy1 is larger than that of/nz, as one can see from Fig. 2.

In our numerical calculation, we have chosen the well In Fig. 3 we present the calculated tunneling gap as a
material as GaAs and the barrier material as®d,_,As.  function of the magnetic fiel@ by takingAj=1 for the first
The sample parameters are set »s0.3, T=77 K,
dy=140 A, dg=30 A, V,=0.8% my=0.0665,
mg=0.0665+0.083%, Nn,p=4.2X10" cm~2, €,=12.02,
€g=12.02-2.92%, and r=2.8x 10 ! sec.

In Fig. 1 the calculated landau levels;; are shown as a
function of magnetic field. The labelsnh and|j are for the
Landau quantum number and subband index, respectively.
The dashed line is for the chemical poteniigl from which
the population and depopulation of each Landau level can be
seen. Because the Landau-level broadening is proportional to
B, the density of states becomes nonzero far away from the
center of Landau levdinside the Landau gapvhenB>9
T. This makes the chemical potentjal deviate downward
from E;;. Similar reasoning can explain the deviation of
chemical potential upward fronE;, when B<9 T. As 7 8 91011121314 1516
B>9 T, both the tunneling £4j=1,An=0) and Landau Magnetic Field (T)

(An=1,Aj=0) gaps are found to be almost constant. When

B=<9 T, the tunneling gap is greatly reduced and the Landau FIG. 2. Exchange energies as a function of the magnetic field
gap, on the other hand, shows only a slight change in the. The exchange-energy labék(n,j) corresponds to the notation
figure. Vi, in the text.
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FIG. 3. Tunneling gafE,,— E,; as a function of the magnetic
field B for the Landau levels=1 and 2. FIG. 5. Difference in the exchange energ|&;|—|Vy,| as a
function of the magnetic fiel® for the Landau levelsi=1 and 2.
(n=1) and secondn(=2) Landau levels. We find that the
tunneling gaps for botm=1 and 2 remain constant for magnetic fieldB>9 T. WhenB=<9 T, the Landau gap for
B>9 T. Because the magnitude of the tunneling gap ig=1 is slightly lower compared to that fgr=2.
around~1 meV, which is on the same order of or even less In order to support the explanation of the features ob-
than the absolute values of the exchange energies, the stroagrved in the tunneling gaps shown in Fig. 3, we plot the
reduction of the negative exchange energi€sin compari-  differences of the exchange energi¥§,| —|V5,| as a func-
son to that oV}, for B<9 T brings down the tunneling gaps tion of the magnetic field by takingAj=1 for bothn=1
for both n=1 and 2. There is an approximately lineBr and 2 as shown in Fig. 5. Clearly, very similar features occur
dependence for the tunneling gap in this region. Moreoverin both Figs. 3 and 5. The negative value of the differences at
the difference in the reduction of exchange eneryigsand ~B=<8 T indicates that the reduction of the exchange energy
VE, even exceeds the tunneling gap in the absence of th®r 1 =1 is larger than that of=2. However, these differ-
exchange interaction. As a consequence, the tunneling-spfnces become approximately independeri gor B>9 T.
Landau levelE;, becomes lower thak,;, seen as a nega- " Fig. 6 we present the differences of the exchange en-
tive tunneling gap fon=1 atB=7 T, and then the ground ©rgies|Vyj|—[Vz| as a function of the magnetic fiel by
state is switched t&;,. This tunneling-split Landau level takingAn=1 for bothj=1 and 2. When the magnetic field
crossing should be observed in the cyclotron resonance as &9 T. the difference fof =1 is slightly larger than that of
anticrossing feature when one reduces the magnetic field bé=2 and their separation remains constant in this region. As
low 9 T. B is lowered fromB=9 T, the reduction of the difference for
Figure 4 exhibits the Landau gaps as a function of thd =1 is faster than that of=2. As a result, the Landau gap
magnetic fieldB by takingAn=1 for bothj=1 symmetric for j=1 is slightly lower compared to that fgr=2, as seen
andj =2 antisymmetric states. Since the Landau gaﬂg) in Flg 4. However, because these two differences are so
meV as shown in Fig. 1 are usually much larger than thesmall compared to the Landau gaps in the absence of the
exchange energies as shown in Fig. 2, there is no discernible
difference between two Landau gaps in the figure when the
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FIG. 6. Plot of the difference in the exchange energies
FIG. 4. Landau gafE,; — E;; as a function of the magnetic field |VZ|7|VZ-\ as a function of the magnetic fieBl for the subbands
B for the subband$=1 and 2. j=1and 2.
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exchange energies, we can observe only very little effects imately linear increase of the tunneling gap at low magnetic
the Landau gaps, as shown in Fig. 4. fields B<9 T) and the switching of the ground state be-
In conclusion, we have performed a self-consistentween two tunneling-split first Landau levels. We have ex-
screened Hartree-Fock calculation by including the Landawlained these features as a consequence of the increase of
quantization of electrons in the presence of the perpendiculd&creening effects on the exchange interaction as both the
magnetic field in a double-quantum-well structure. Theretunneling-split first Landau levels are filled. With a thick
fore, the theory in Ref. 28 has been generalized. Our theorarrier, the same model can be applied in the Coulomb gap
should be applicable to both lowB&9 T) and strong €gion, whe.re we expect the exchange_ interaction to play an
magnetic-field B>9 T) cases. The generalized Thomas-&/€N More important role in the tunneling gap.
Fermi screening model has been used to include the effect of We would like to thank Professor G. Gumbs of Hunter
a screened exchange interaction. This has generalized ti@vllege for his helpful discussions. One of the authors
work of Ref. 27. We have found the features of the approxi{D.H.) was supported by the National Research Council.

1G. s. Boebinger, H. W. Jiang, L. N. Pfeiffer, and K. W. West, 1’S. Das Sarma and P. |. Tamborenea, Phys. Rev. [81t1971

Phys. Rev. Lett64, 1793(1990. (1994).
2Y. W. Suen, J. Jo, M. B. Santos, L. W. Engel, S. W. Hwang, and'®J. A. Simmons, S. K. Lyo, N. E. Harff, and J. F. Klem, Phys. Rev.
M. Shayegan, Phys. Rev. 84, 5947(1991). Lett. 73, 2256(1994.
3K. Ensslin, M. Sundaram, A. Wixforth, J. H. English, and A. C. '°G. S. Boebinger, A. Passner, L. N. Pfeiffer, and K. W. West,
Gossard, Phys. Rev. 83, 9988(1991). Phys. Rev. BA3, 12 673(1991. .
4L. Brey, Phys. Rev. Lett65, 903 (1990. 20A. P. Heberle, M. Oestreich, S. Haacke, W. W.hRy J. C.
5A. H. MacDonald, P. M. Platzman, and G. S. Boebinger, Phys,,, Maan, and K. Kaler, Phys. Rev. Letfr2, 1522(1994).
Rev. Lett.65, 775(1990. A. Kurobe, M. Pepper, and G. A. C. Jones, Phys. Re§0B4889

6X. M. Chen and J. J. Quinn, Phys. Rev. L&, 895 (1991. (1994 _ o .
G. Rainer, J. Smoliner, E. Gornik, G. Bm, and G. Weimann,

7 -
M. Shayegan, J. Jo, Y. W. Suen, M. B. Santos, and V. J. Gold Phys. Rev. B51 17 642(1995.

man, Phys. Rev. Let65, 2916(1990. 233, K. Lyo, Phys. Rev. B50, 4965(1994.
8Y. W. Suen, L. W. Engel, M. B. Santos, M. Shayegan, and D. C'24P. Sfeda’ P Visk and 'M. Cukr, Phys. Rev. B1, 11144

Tsui, Phys. Rev. Lett68, 1379(1992. (1995
9J. P. Eisenstein, G. S. Boebinger, L. N. Pfeiffer, K. W. West, andsz p Ei.senstein L. N. Pfeiffer, and K. West, Phys. Rev. 169t

S. He, Phys. Rev. Let68, 1383(1992. 3804(1992.

'°S. He, F. C. Zhang, X. C. Xie, and S. Das Sarma, Phys. Rev. Beg . Brown, N. Turner, J. T. Nicholls, E. H. Linfield, M. Pep-
42, 11 376(1990. per, D. A. Ritchie, and G. A. C. Jones, Phys. Re\6® 15 465

1y, Halonen, Phys. Rev. B7, 10 001(1993. (1994.

1S, He, X. C. Xie, S. Das Sarma, and F. C. Zhang, Phys. Rev. B7S -R. Eric Yang and A. H. MacDonald, Phys. Rev. L@@, 4110
43, 9339(199)). (1993.

13A. H. MacDonald and S. C. Zhang, Phys. Rev.4B, 17208 28G. Gumbs and G. R. A&in, Phys. Rev. B51, 7074(1995.
(1994. 29A. H. MacDonald, J. Phys. @8, 1003(1985.

141, Brey and C. Tejedor, Phys. Rev. 8!, 10 676(1991). 30K, Esfarjani, H. R. Glyde, and V. Sa-yakanit, Phys. Rev4B

15H. A. Fertig, Phys. Rev. BI0, 1087(1989. 1042 (1990.

16R. Decca, A. Pinczuk, S. Das Sarma, B. S. Dennis, L. N. Pfeiffer3T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Physl, 437
and K. W. West, Phys. Rev. Leff2, 1506(1994. (1982.



