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Tuning gaps and phases of a two-subband system in a quantizing magnetic field
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In this work we study the properties of a two-subband quasi-two-dimensional electron system in a strong
magnetic field when the electron filling factor is equal to 4. When the cyclotron energy is close to the
intersubband splitting the system can be mapped onto a four-level electron system with an effective filling
factor of 2. The ground state is either a ferromagnetic state or a spin-singlet state, depending on the values of
the interlevel splitting and Zeeman energy. The boundaries between these phases are strongly influenced by the
interelectron interaction. A significant exchange-mediated enhancement of the excitation gap results in the
suppression of the electron-phonon interaction. The rate of absorption of nonequilibrium phonons is calculated
as a function of Zeeman energy and intersubband splitting. The phonon absorption rate has two peaks as a
function of intersubband splitting and has a steplike structure as a function of Zeeman energy.
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During the last two decades the behavior of a two-energyA=A,—%w. is smaller than the Coulomb energy,
dimensional(2D) electron system in a quantizing magnetic then the second subband has to be taken into account. Here
field attracted a lot of theoretical and experimental interesth w. is the cyclotron energy and,, is the intersubband
The peculiar properties of this system result from its effec-splitting. In this case the second Landau leftgindau level
tive zero dimensionality, because the magnetic field normahumbern=1) of the first subband is close in energy to the
to the 2D layer quenches the electron kinetic energy to dirst Landau level (=0) of the second subband. Since the
constant. As a result the Hamiltonian of the system consistiitersubband splitting,, has a weak dependence on the
of the interaction part only, and the system undergoes a tranmagnetic field, the separatidncan be changed by changing
sition into an incompressible state at certain magnetic fieldhe magnetic field. The influence of the second subband on
values. The formation of the incompressible states results ithe optical properties of the magnetically quantized quasi-2D
the fractional quantum Hall effect—one of the most interest-systems was observed in different types of experiments, e.g.,
ing phenomena discovered in strongly correlated electroin extrinsic radiative recombination magnetospectros€opy
systems:~3The only typical energy of the system is the char-and in the optically detected cyclotron resonance in a tilted
acteristic electron-electron Coulomb interaction energymagnetic field. It was proposed in Ref. 8 that the intersec-
which is of the order ot -=e?/ x|, wherel is the magnetic tion between the levels can be also observed in the magnetic
length andx is the dielectric constant. The introduction of a field dependence of the phonon-mediated conductivity of the
new degree of freedom into this system results in new intersystem. At filling factor slightly greater than 2, the dissipa-
esting phenomena when the characteristic energy of the netive conductivity should reveal a double-peak structure as a
degree of freedom becomes smaller than the Coulomb ertnction of magnetic field. A similar double-peak structure
ergy ec. The electron spin is one of the possible degrees oshould be observed in the other phonon spectroscopy
freedom. If the Zeeman energy is small enough, then thexperimentS=** With increasing electron density the repul-
transition from the spin-polarized to spin-unpolarized groundsion between the levels due to electron-electron exchange
state occurs at electron filling factay=2/m, wherem is interactions opens a gap in the interlevel excitation spectra.
odd? At filling factor v,=1/m a new type of charged topo- As a result the double-peak structure transforms into a
logical excitations, Skyrmions, appears. single-peak oné?

One can also introduce the degree of freedom in the di- In what follows we study the properties of the two-
rection normal to the 2D layer. This can be realized in asubband system when the electron filling factor is equal to 4,
double-layer system. In this case the phase diagram is driverp=4. We assume that the Coulomb energy is much smaller
by the interplay between the electron-electron Coulomb enthan the cyclotron energy. In this case the completely occu-
ergy, the tunneling energy between two layers, and the Zeepied lowest Landau level of the first subband can be consid-
man energy. It was found that a§= 2 the double-layer sys- ered as a nondynamical background. We will be interested
tem can be found in three different phases: fully spin-only in a subsystem consisting of the second Landau level
polarized ferromagnetic state, spin-singlet state, and cantddh=1) of the first subband and the first Landau level (
antiferromagnetic state. =0) of the second subband, the spin degeneracy of both

In this paper we consider a system which is similar to alevels being lifted by the Zeeman splittiny,. This four-
double-layer system but has a different geometry, which prolevel subsystem is schematically shown in Fig. 1. bgr
vides more experimental possibilities to change the param=4 the effective filling factor of this subsystem is equal to
eters of the system. Namely, we study a single heterojunctiod. Under this mapping the system becomes similar to a
in which the second degree of freedom is introduced by thelouble-layer system with the total filling facter=2 and for
size quantization in the direction perpendicular to the 2Dits analysis we follow the method of Ref. 5.
layer. If the electron filling factor is greater than 2 and the For noninteracting electrons we can distinguish three
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cases(l) if A>A,, states “1” and “2” are occupied, and
the ground state is a spin-singlet stat@) if —A,<A
<A,, states “1” and “3” are occupied, and the ground state
is a ferromagnetic stat€3) if A<—A,, states “3” and “4”
are occupied, and the ground state is again a spin-singlet 3
state. The boundaries between these phases are given by the A
equationsA=A, andA=—A,. When the electron-electron 2
interaction is taken into account the transitions between spin- <
singlet and ferromagnetic states can occur through a new
phase—for example, through a canted antiferromagnetic
phase. Our calculations show that in the present system ", 1oy
there is no intermediate phase and the transitions from the
singlet to the ferromagnetic state are sharp, like in the non- FIG. 1. The single-electron energy levels of the two-subband
interacting case. system. Levels “1” and “2” belong to the second Landau level

In what follows we use the Coulomb energy as the unit  (n=1) of the first subband with spirs,=1/2 andS,= —1/2, re-
of energy and magnetic lengtras the unit of length. In the (Specé';’e'}/-tr']-e"e's Sd angb“4"dbe!:)hng t%:i/;"“ 'd-asi‘daul';"e'

. 2 n=0) of the second subband with spiBs=1/2 andS,=—1/2,

Lgndau gauge Wlt.h the vector poteljt|AI=_ (0Bx,0) the respectively. The splitting\ is the inteFr)IeveI splitting A, is the
eigenstates of a single-electron Hamiltonian are characteb,aman energy.
ized by the Landau level number, y component of the
momentum,k, ; the electron subband numbgr=1 or u
=2; and thez projection of the electron spim;=2S,= +1:

q=0q,+ iqy, = |q|, andL™ is a generalized Laguerre poly-
nomial. The modification of the Coulomb interaction due to
the finite extent of the electron wave functions in thdi-

ikyy . . .
e rection is given by

wn,ky,,u.,(r(xiyiz):X,u(z)ga_\/L—d)n(x_ky)a (l)
y

. . F A = fxfwdz dz 67(:”21722‘
where x,(2) is the envelope wave function of theth sub- iyigi5is(0) 0Jo

band;¢, is the spin part of the wave function, a®g,(x) is
the nth harmonic oscillator function. X Xi, (20 Xi (20 Xi,(Z2) Xi,(Z2) -
The Hamiltonian of the interacting electron system is .
We use the Fang-Howard approximatibfor the envelope

wave functions of the electrons in the first and second sub-

whereC! andC

1 A
H= hod nt=|Ch  Coi pot— 2u—3) bands:
ngky c 2 nky o~k p 2 n;%ky (2u
A (2) \/F 1b
‘ 2 : x1(2)=\/=zexpg — =bz/,
X anyﬂﬁcnkyﬂo+ ? E O-any,u,a'cnky,u.a' 2 2

n,u.a'ky

+12 2 E 2 v(n1ﬂ4n3nz) (a)x 2 gldx(ki—ko)
Ky k

b° 3 1
x2(2)= 32(2— E)EX[<—§bZ).

2 {n} o102 {u} ax.qy (K1t atsito) 1.K2 )
+ + We follow the standard Hartree-Fock method, assuming a
X Cn kgt ay g0, Cng ey g, Cng kot ay ugr,Cng kg wgey nonzero average o(Cll’MUlezyﬂzaz) over the ground

)

nk,uo
operators of the electron in the sta&gky,w,. In EqQ.(2) we

use the notation

~ -~ 1 a g
V(n1“4”3”2)(q) = a Fili4i3i2(Q)Gn1n4(q)G“3”2(q* )

(i1i4i315)
q2
X ex;{ - ?) s (3)

R nl! 1/2 _id Np—Ny -
Gnlnz(q):(@) - L:i "

wheré?

nkuo are the creation and annihilation

state. The specific feature of the given problem, which differs
it from the double-layer system, is that a nonzero paring in
Eq. (2) can occur between states with different valueaf
because in our case the two-level system is formed by the
different Landau level&® For each value ok, =k we intro-
duce the new wave functions, which are the eigenfunctions
of the Hartree-Fock Hamiltonian. The creation and annihila-
tion operators corresponding to the new wave functions are
al‘i, agi, wherei=1, 2, 3, or 4. These functions are re-
lated to the original ones by the matrix ,

4
Ck1-1= ;1 Y1k

4
Cr11= ;1 Y2idk,i »
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4
s
Ck+Q,2,—1:E Y3i8k,i » o1 ! (@
i=1 A
F
4 -0.1 -\
Ck+Q,2,1=i21 Yaid,i - 4 03| sz, .,
0 0.1 A, 02
The average of the introduced functions over the ground ‘
state is(aﬁviak,j)= 8j(8i1+ 6ip). This means that only the g ,82'05 i (b)
states with the lowest energieis{1 andi =2) are occupied. —0.05 [
Substituting Eq(4) into the Hamiltonian(2) we obtain the
Hartree-Fock Hamiltonian in the form of a>x44 matrix. In —0.15 |
the basis Cy;1-1,Cx1,1,Ckr0,2-1:Ckro21 the elements —025 L . . , ) ) )
of this matrix are 05 1 15 2,
HF _ FIG. 2. (@) The phase diagram of the four-level system Ifor
Hir=- _(A+AZ) Buen—Basels, =1. The phase$, ar;dsz are sgpin-singlet phases; the Z)hfisis a
ferromagnetic phas€b) The parameterg, and ¢, [Egs.(6) and
HE (7)] of the phase diagram are plotted as the functiond.oAll
Hy =— E(A_Az)_BZZE — Bas€ls, energies are in units afc; b is in units of 1.

equations fory;; numerically. For all values ok andA, the
=—(A A,)~ Baserr— Bri€ls, ground state of the system is one of the noninteracting
phasegspin singlet or ferromagneticdescribed above. The
transitions between the phases are sharp. The interaction
HAF = (A+AZ) B14€°%22— B 1453, modifies the phase boundaries only:

— Br2€11— (Boz— B1a V1) Q) — Baseds, 1
(@11 A=A -1-2(4522 611)+ 12 ﬁ-l—eg%:AZ-l-eH:AH,

I =~ BV 0)+ VY ), o
HEF = — B2aV($395( Q) — B1aV (3353 0),
=- /314V(2%(1)§)(Q) [323V§(1)(1)%%§(0) A==A+3 2 (€9 €D+ es—e—e=—A, T e =A,
(7)

HEZ = — B24 V(1023 0) + V{5 Q).
(0111) o1 where Ay and A, denote the higher and lower values of
HEL = — Baae9— (Baa— B1a) V{1553 Q) — B1o€0, splitting A at the boundary of the ferromagnetic phase; see
Fig. 2(a). In Fig. 2a) the phase diagram is shown for=1.

h + , SO
whereBij = %171t %i2¥j2 The phasesS; and S, are the spin-singlet phases and the

finioicia) phaseF is the ferromagnetic phase. The single-electron
V(iiizziz]‘:)(q): f dkF11121314(k)|Gi1i2(k)| |Gi3i4(k)| states “1” and “2,7 41" and “3,” and “3” and “4” (Flg l)
are occupied in the phas&s, F, andS,, respectively. The

k2 electron-electron interaction results in the splitting of the

><J|i1+i3i2i4|(kq)exp( - ?) , boundaries between different phases, even when the Zeeman
energy is equal to zero. Fdx,=0 the splitting is equal to

eH—eL=26(1’§, whereey and ¢, are introduced in Eq96)

and (7). In Fig. 2b) the values of the lowere ) and upper

(ey) phase boundaries &,=0 are shown as a function of

the Fang-Howard parametbr where 1b is proportional to

change energy of an electron in th¢h Landau level of the the characteristic width of the heterojunction in units of mag-

j1th subband interacting with electrons of the same spin imetic length. Both values, ande, decrease with increasing

the filledi,th Landau level of thg,th subband. b.

Taking into account that the eigenvectors of the Hartree- We are mostly interested in the case when the intersub-
Fock matrixa, ; are related t&C, , , by the matrixy;; [Eq.  band splitting is close to the cyclotron energy. This gives the
(4)], we obtain a self-consistent system of equationsyfpr  restriction of the values of the parameterThis parameter
The parametef can be found by minimizing the Hartree- should be close to the inverse magnetic length. However, the
Fock energy. We have found the solution of the system ogxact relation betwee and| for A=0 depends on the

fiz = (11l2'1'2)( 0), 5

J1o (JllzllJz)

Jn is the Bessel function afth order, ande}ﬂ?z is the ex-
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actual value ob. Therefore we found it appropriate to cal- from the poles of the density-density correlation functidn,
culate theb dependences of the main parameters of the syswhich are given by the expressions
tem.

The two-subband system can be studied experimentally
by changing the magnetic field when keeping the fixed value

of the filling factor. If the magnetic fiel@ is normal to the
heterojunction, then both-A and A, increase linearly with
increasingB. In this case only the transition from the phase
S, to the phasd- can be observed. Another possibility is to 5
make the experiments in the tilted magnetic field with the E(q)=—A+2V%204q)—VI21q) — €3— €31+ eoo+ 99
fixed value of its normal component. In this cadeis a (9
constant, because it is proportional to the normal component
of the magnetic field, bu, changes linearly with the total for the phases,, where Eqs(3) and(5) were used. One can
magnetic field. Depending on the initial value Af one  rewrite Eqs(8) and(9) in the form, which can describe both
should observe a transition fro®, to F or from S, to F cases simultaneously
phases. However, there is a finite regionfofin which no
transitions can be found and the system is always in the 1
phaseF. This region has a nonzero range even for z&go E(q)=|8A|+A,+2V%%q)—Vv¥%iiq)+ E(egng €xn),
when its width is 293.

Now we shall discuss the possibility to detect the different (10
phases by acoustic-phonon spectroscop§We consider the
absorption of nonequilibrium phonons by the discussedVNeredA=A—Ay
quasi-2D system. The electron-phonon interaction is proport’€ Phases,. o
tional to the electron density operat6rDuring the act of The energy spectrg(q) are shown in Fig. @) for 6A
phonon absorption the electron system undergoes a transitign0 andA,=0, for several different values of the parameter
from the ground state to the excited state, corresponding B One can see that there is a finite gap for all values of
the density fluctuations. When the system is in the ferromagMomentuma. This means that a gap exists for any value of
netic phase i), there are spin reversal excitations only. In & and A;. With increasing the spreading of the electron
this case phonon absorption is forbidden. The collective exave function in thez direction (decreasing) the gap be-

citation spectra in the singlet phassandS, can be found ¢omes smaller, which results from the decreasing of the ef-
fective 2D electron-electron interaction. The existence of an

interaction-induced finite excitation gap in the two-level sys-

E(q)=A+2V503q) — V951 q) — €95~ €99+ €11+ €51

®

for the phases; and

for the phases; and SA=—A+ A for

B! @ ,——1;5"_:.:.: .......... tem for any value of the interlevel splitting was demonstrated
021 /”“‘*"”" ---------------- 1.0 for a system with filling factow=1 in Ref. 12. The effect of
the strong renormalization of the excitation energy due to the
00 0— interelectron interaction is also known for spin excitations as
0 1 2 3 4 ¢5 an interaction enhancement of thg factor in 2D
o, o) . systemg8-2
004 1.5//i n, The electron-phonon interaction Hamiltonian has the form
X S AN
L7 1104 | N
L ! M; . ar o NN
000 5 “o1 r Heph="2 J(W?) Z(d)[p(9)d](Q)+p(—)d;(Q)],
iQ
@y { (©) (11)
where the isotropic Debye approximation is used with the
linear dependence of the phonon frequency on the wave vec-
0 : : A : A tor: wj(K)=sjK, s; being speed of sounglabels the pho-

z z non modesj=1 for the longitudinal mode an¢l=2,3 for
FIG. 3. (a) The excitation dispersio(q) [Eq. (10)] for 8A the two transverse modes. In E4l1) we labeled the three-

—0=A,. The numbers near the lines show the values of the padimensional3D) phonon wave vector by the capital |et(?r
rametetb, whereb andq are in units of 1, E(q) is in units ofs . and its projections by the corresponding small lett€s
(b) The phonon absorption rate, as a function ofA for A,=0. :(Ci,qz)- The creation operator of a phonon in it mode

Solid, dotted, and dashed lines are o+ 0.5, 1.0, and 1.5, respec- is denoted agl’ V is a normalization volum (») is the
tively. The data forbo=1.0 and 1.5 are multiplied by 10. The ab- i &

sorption ratew is in units of 16° s A is in units ofec. ()  two-dimensional electron density operator, g Q) is the
Phonon absorption rate, as a function oA, for constantA. Here ~ matrix element of the electron-phonon interaction, which is
wo and A, are in arbitrary units. The critical Zeeman eneuyy/ determined by the deformation potential and piezoelectric
corresponds to th&,—F or S,—F phase transition. Coupling.17
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From Eg.(14) we calculate the normalized phonon ab-

sorption ratewy= w,ps/N(E(qg)), Whereqy is a characteris-

tic momentum; here we usg=1. In Fig. 3b) the ratew is
shown as a function of for A,=0 and different values dj.

The absorption rate has a two-peak structure. The gap be-
tween the peaks corresponds to the pHaséthe system, in
which the phonons cannot be absorbed. The absorption rates
for b=1 andb=1.5 are multiplied by 10. With increasiry

the collective excitation gap increagsee Fig. 8a)], which

DQnygj ,z+ Qszf] ,x+ Qzngj,y
- B Q2

: (12

wherepg is the mass densityd and= , are the parameters of
the piezoelectric and deformation potential couplings, énd

is the polarization vector of thgth phonon mode. The pa- results in a rapid decrease of the absorption rate. One can see

rameters of GaAs are used in our calculations. this tendency fob=0.5 andb= 1. However, with increasing
Because th(_e phonon-assisted transitions are on_ly allowegl phonons with larger values of, can be absorbed, which

between the different subbands, the form fact6q,) is tends to increase the absorption rate. The latter effect be-

comes more pronounced for largevhen the excitation gap

has a weaker dependence lopsee Fig. 8a)]. The competi-

tion between these two effects results in a slight increase of

the absorption rate fdp=1.5.

At low temperaturegT<E(q), the rate of absorption of " tilted magnetic field experiments, when the Zeeman

nonequilibrium phonons can be found from the e_nergyAZ IS chang_ed while the |_nterlevel splittiny is kepF
expressiott? fixed, the absorption rate remains constant. For the singlet

phaseS; or S, the absorption rate is given by Ed8), (9),
and (14) and for the ferromagnetic phagethe absorption
rate is zero. The dependencewf on A, is shown schemati-
cally in Fig. 3c), where the critical value of the Zeeman
splitting, A3 , corresponds to th&,-F or S,-F phase transi-
tion.

In conclusion, we considered a two-subband electron sys-
whereR = (q%/2)exp=c%2), andn;(Q) is the phonon tem with total filling factor 4. Thg system.was: r_napped onto
distribut?cl)&qzung(tlion) pCa72) i(Q P the four-level electron system with effective filling factor 2.

One can see ho.w the appearance of the excitation ga he separation between the levels belonging to the different
suppresses the phonon absorption. The phonon absorptigHPPands is proportional to the cyclotron energy and can be
process requires the conservation of energy and in-plane m§anged by changing the magnetic field. The system exists in
mentum.s, JoZ+ q2=E(q), where the characteristic excita- one of the three different phases: one is ferromagnetic and

) zZ 1 in_ci _ . .
tion gapE(q) is greater than 0.1 fob~1 [see Fig. &]. two are spin-singlet phases. The electron-electron interaction

The GaAs speed of sound in unitslef. /% is about 0.03 for does not create new phases. However, it renormalizes the

e hase boundaries. The excitation spectrum has a gap for any
longitudinal and 0.02 for transverse phonons. Therefore, galue of the interlevel splittings and Zeeman splitting, .

g : )
large value ofyq“+q; is required to satisfy the energy con- ryiq regyits in a strong suppression of the electron-phonon
servation law. However, the factoRy,(q) andZ(q,) in EQ.  jnteraction. The rate of phonon absorption by the considered
(14) make the phonon absorption to be smalbatl orq,  guasi-2D electron system has a double-peak structure as a

>b. Thus, the phonon absorption becomes strongly supgnction of level splitting and a steplike structure as a func-
pressed compared to the noninteracting case, in which thgy, of Zzeeman splitting.

excitation energyA is allowed to have any value. For the
noninteracting electrons the absorption rate has two maxima

Z(9,)= J dz€92x,(2) x2(2). 13

2 d@ -
wans= 7, 2 f 2 (ED-SQAN(Q)

X|M;(Q)Z(a,)|?Roy(a), (14)

at|A|~7is;/1.°
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