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The spin-singlet and spin-triplet optical transitions of negative donor centers D in

GaAs/(Al, Ga) As quantum wells in high magnetic fields are considered both theoretically and exper-

imentally. The measured and calculated transition energies are shown to be in very good agreement

for the D singlet transition (1'%%uo). The two strong triplet transitions that are predicted by theory

are not observed in the experiment. This is thought to be due to accidental energy coincidences

with one-particle excitations such as the electron cyclotron resonance and the 1s —+ 2p+ transition

of neutral donors.

INTRODUCTION

D centers are simple two-electron systems formed by
neutral donors Do trapping a second electron. They
are interesting to study in view of interparticle corre-
lations. In a high magnetic field and in a quantum well

(QW), correlation efFects become very pronounced and a
strong enhancement of the binding energy is observed. '

Apart from the confinement effects, the QW geometry
has the interesting property that a stable population of
D centers can be created using the double-planar dop-
ing technique. This makes the study of the energy
spectrum of D centers considerably easier than in bulk
material where sample and experimental conditions for
populating D states are very restrictive.

The energy spectrum of confined D centers in a mag-
netic field has been the focus of several recent studies. s

In QW's at low temperatures, only the spin-singlet s
ground state of D is populated and gives rise to an
intense spin-singlet transition. This transition has al-
ready been measured over a large range of well widths
and magnetic fields and a very good agreement between
experiment and various theoretical approaches has been
found. ' In high fields, in addition to this singlet D
transition, theory predicts6' two intense transitions kom
the triplet p ground state to the excited triplet states
which have found no experimental confirmation so far.
This seems paradoxical in view of the common observa-
tion of the singlet transition. '

In this paper, we describe our search for the D triplet
transitions which should be observed at a higher temper-

ature when the lowest triplet state starts to be thermally
occupied. s' We find evidence for an interexcited state
transition of D donors. However, a careful analysis of
the optical spectra supplemented by calculations of vari-
ous transition energies reveals that the triplet transitions
are in fact not seen because they are not energetically dis-
criminated &om either the electron cyclotron resonance
(CR) or the D 1s + 2p+ transitions in the samples
studied so far, as revealed by our calculations.

SAMPLES AND EXPERIMENTAL DETAILS

Three GaAs/Ale 2sGao 75As multiple-quantum-well
structures grown by molecular-beam epitaxy have been
studied by means of far-infrared (FIR) magnetotrans-
mission measurements in magnetic fields B up to 13 T.
The barrier width and the well width are approximately
200 jt. Sample 1 (sample 3) is planar doped with sil-

icon donors at the middle of the wells (barriers) only.

Sample 2 is double-planar doped, that is, planar doped
at the middle of the wells and middle of the barriers
(concentration of 5x10s cm 2 per doping plane). This
is the only sample which reveals D centers as con-

firmed by the strong singlet transition in the magneto-
optical spectra. For a comparison with calculations, we

have determined the well width d, barrier width, and Al
content in the barrier of sample 2 by x-ray diffraction
measurements: these parameters are, respectively, 194
A. , 196 A, and 0.26. FIR transmission measurements are
performed without visible light illumination, at various
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temperatures between 2 K and 30 K, using a fast-scan
Fourier-transform spectrometer (Bruker IFS 113v). The
instrumental resolution is taken at 2 cm

THEORETICAL MODEL

2

+
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where positions of electrons are denoted by r; = (p;, z, ),
and the impurity is assumed to be at the center of a QW.
The Hamiltonian Ho of &ee electrons in a perpendicular
magnetic field B is given by

Ho — ) (E,„+,'q'p~B—o,) a,'„a,„
C7ig 1YL im

(2)

E,„= e, + Ku, (n + 2) .

The operator a „creates an electron with the spin
I

In the effective mass approximation, the Hamiltonian
of the problem has the form

projection a = g, $ (a, = +1) and with the coordinate
wave function (~.(z)p„(p); here j is the subband in-
dex, n is the Landau level number, and m the oscillator
quantum number, m, = n m—(see, e.g. , Ref. 6 and refer-
ences therein), and Lu, is the cyclotron energy. The wave
functions of electric subbands (~(z) and the correspond-
ing energies ej are determined in a standard procedure
in which we neglect the difference between the electron
effective masses in GaAs and in Gaq Al As and take
m* = 0.067me. The confining potential V(z) is taken to
be V(z) = Vo for ~z~ ) d/2 and V(z) = 0 for ~z~ & d/2
and Vo ——0.676'(x), 14 DEs = 1.45z (eV).is To take
into account the effect of GaAs conduction band non-
parabolicity (NP), we use the analytical expression of
Ekenbergis for the Landau level energies in QW's; the
relevant details have been presented elsewhere. ' Mag-
netopolaron effects on D transition energies in fields up
to 10 T are small, ' and we neglect them here.

We construct wave functions of D with the total an-
gular momentum projection M„out of the noninteract-
ing wave functions (,';(z)(t„(p) as symmetrized (for the
singlet, S) or antisymmetrized (for the triplet, T) com-
binations

@M,S(T)(ri r2) ) )
z,j A»m»nq, m2

AM s(T j(nl 1ml) n21m2) ~2(1 + P12) (i( iz)(t'nqrnq (pi)(j(z2)(t'nzmz (p2) (4)

involving the states with ni + n2 —mi —m2 = Mz j +12
is the operator of permutations of coordinates ri ++ r2.,
for D singlet, orbitals with coinciding quantum num-
bers i = j, ni ——n2, mi ——m2 are counted only
once. We obtain the D eigenstates (i.e., the expansion
coefficients AM s(Ti) and the corresponding eigenener-
gies by diagonalization of the matrix of Hamiltonian (1)
calculated in the orthonormal basis set of two-electron
noninteracting states in the QW and in the magnetic
6eld. In the considered regime of high magnetic fields
r~ = (hc/eB) ~ & a~ = sh /m'e2 (B ) 6 T), a rea
sonable accuracy is obtained when the basis set is trun-
cated by including only states with noninteracting en-
ergies E = E;„, + E~„, & E „9e /srH, thus only
the three to seven lowest Landau levels nq + n2 & 3—7
(depending on B) and the three to five lowest subbands
i+j & 3—5 (depending on the well width d ) are taken into
account. We estimate the achieved relative accuracy in
determining the D interaction energies [i.e. , the total
contribution of the Coulomb e-e and electron-impurity
interactions &om (1)j to be 4% (which corresponds
to absolute accuracy 6 cm at B = 10 T). We be-
lieve that this accuracy is mainly limited by the neglect
of single-particle electronic states from the continuum
above the well (see, e.g. , calculations of the magnetoex-
citon spectra in QW's ~). It is important to stress that
underestimations in interaction energies are systematic
and are similar for both the ground and excited states in
our approach. Hence, due to a compensation of these un-
derestimations, the accuracy for D transition energies
is much higher. D states are classified by the high-field

quantum numbers ~N, M;S(T)) (and, when necessary,
by an additional index distinguishing between the states
within the group (1V, M)); iso here % = ni + n2 and
M = mq + m2 ——N —M, is the total oscillator quantum
number.

A similar approach is used for calculations of the D
eigenstates whose wave functions are in the form

OM (r) = ) ) AM, (n, m) (,(z)P„(p) (5)

with n —m = M, . The expansion coefficients AM (n, m)
and the D eigenenergies are obtained by numerically
solving the corresponding secular equation which involves
the one-electron part of Hamiltonian (1).

RESULTS AND DISCUSSION

Figure 1 shows a low-temperature transmission spec-
trum for the double-planar doped sample 2. Three peaks
are seen in this spectrum. Peaks A and C are the
1s + 2@+ transitions for neutral donors in the wells
and in the barriers, respectively: they are the only fea-
tures seen in samples 1 and 3, respectively. Peak B is
the strong transition &om the D singlet s ground state
~0, 0; S) to the excited state ~1, 0; S) associated with the
first Landau level. The energy of this transition has been
shown to be in very good agreement with the results of
the direct diagonalization of the interaction Hamiltonian
and with variational Monte Carlo calculations over a
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FIG. 1. Magnetotransmission spectrum of the dou-
ble-planar doped sample 2 at B = 10 T and T = 2 K, showing
the strong D singlet transition in this sample (peak B)

large well width and magnetic field range.
Figure 2 shows transmission spectra for all three sam-

ples at higher temperatures. At these temperatures,
some donors are thermally ionized and the cyclotron res-
onance is seen. The interesting behavior to stress here
is that a peak develops at approximately 10 cm ~ below
the CR line in both samp/es I and 8. The experimental
finding that this peak is also seen in sample 1, tshich has
no D centers, demonstrates that it is not due to a D
tmnsition —such as, e g , a .sp. in-triplet transition —as
believed by some other authors. We assign this peak to
the 2p ~ 2s transition of neutral donors Do in the wells.
This assignment is supported by the good agreement with
calculations (see below) and by the relative occupancies
of the 1s and 2p states at 27 K as compared to the rel-
ative intensities of this additional peak and of peak A.
Careful experiments carried out at higher resolution (up
to 0.5 cm ~) and various temperatures between 4 K and

30 K failed to reveal any additional peak near the CR
line and near peak A where D triplet transitions are
expected (see below).

The calculated energies of the strong D magneto-
optical transitions are shown for sample 2 in Fig. 3. Also
shown for comparison are the experimental energies of
the singlet transition. These strong transitions are the
transition between the singlet states denoted S and the
two strong transitions with b,N = 1, 6M = 0 (b,M, =
+1) from the triplet p ground state ~0, 1;T). The latter
are in different spectral regions; we denote them by Tk
(and the corresponding final states as ~1, 1;T+)).~

For magnetic fields less than 80 T, due to the low values
of the g' factor in GaAs, the D singlet ~0, 0; S) is still
the ground state, hence the triplet D p ground state
is depopulated at low temperatures. Also, the transi-
tion matrix elements for the triplet are nearly two times
smaller than that of the singlet. s'~o Thus, the triplet Tk
transitions can be experimentally tested only at elevated
temperatures. Indeed, the calculated relative intensities
R~ = IT+/Is of the two strong triplet T+ transitions to
that of the singlet at T 10 K turn out to be 0.5
(while at T = 4K B~ 0.1). This intensity should be
sufficient to detect triplet transitions in the experiment.

The question remains why the triplet transitions T+
and T are not —in fact seen in the experiment'? We
think that in the presence of broadening they are masked
by the strong ls -+ 2p+ transition of Do within a QW
and by the CR, which occur in the same spectral region,
respectively. This is shown in Table I which summarizes
all relevant transition energies in sample 2 at three field
strengths. Table I gives support to our interpretation
of the additional peak of Fig. 1 as due to the 2p
2s transition of D donors in the wells. It can be seen
that experiment and theory agree within typically 1%.
For instance, the results of theoretical calculations of the
singlet D transition energy at B = 10T coincide with

B=10T
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FIG. 2. Magnetotransmission spectra at 10 T of the on-well
doped sample 1 at 27 + 2 K, the double-planar doped sample
2 at 22 + 2 K, and the on-barrier doped sample 3 at 20 + 2
K. The spectra have been vertically displaced for the sake of
clarity.

FIG. 3. Energies of the strong magneto-optical transitions
from the singlet D s ground state (S) and from the triplet
D p ground state (T+) for the QW with d = 194 A.
Solid (dashed) lines are the calculated values with (without)
allowance for the efFects of nonparabolicity (NP). The full
symbols are the experimental data for the singlet D tran-
sition, CR, and 2p m 2s transition. The calculated CR
(large-dashed line) and the calculated 2p ~ 2s transition
energy (small-dashed line) are also shown.
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TABLE I. Transition energies in cm for sample 2 (d = 194 A) at three magnetic field strengths. For each transition,
the first row is the theoretical prediction and the second row is the experimental value (when available). For the D triplet
transitions T—and T+, only theoretical predictions are given to show the proximity of their energies to the CR hen, a.nd to
the D 1s —+ 2p+ transition energy, respectively.

B (T)

6

10

2p M 2s
74.7

100.0
97.8

125.2
121.9

T—
79.4

106.8

133.4

80.6
80.6

106.9
106.9
132.9
132.1

S
113.8
115.7
144.5
145.0
173.8
172.7

T+
137.4

165.6

192.7

18 M 2p
136.0
138.1
163.8
164.8
190.9
191.2

the experiment within 0.6% (1.1 cm ). This remarkable
agreement gives us confidence in the calculated proximity
between the T+ (T—) triplet transition energies and the
ls ~ 2p+ (CR) transition energies as shown in Table I.

CONCLUSION

In conclusion, we have considered the spin-singlet and
spin-triplet transitions of D centers in quantum wells in
high magnetic fields. The calculation of the singlet tran-
sition agrees remarkably well with the experiment. Our
analysis reveals that the two strong triplet transitions Tk
which are expected from theory are not seen in the ex-
perimental spectra. This is thought to be due to the fact
that they are not distinguished &om other one-particle
strong magneto-optical transitions due to the accidental
energy coincidences. We have shown that upon increas-
ing temperature, a peak develops on the low-energy side
of the CR line in well-center doped and double-planar
doped samples. Its energy position makes it tempting to
interpret as the T—triplet transition. We have demon-
strated, however, that this peak is in fact due to the
2p ~ 28 transition of D donors at the middle of the
quantum wells.

Finally we mention an interesting possibility to find
traces of D triplet transitions in the optical spectra of
D doped QW samples. This is to study the evolution of
magneto-optical spectra associated with impurities with
increasing concentration of excess free electrons n,„in a
QW. For Landau level filling factors v—:27rrHn, „1,
the picture of the transitions S and T+ between the
two-particle D states should be changed to a picture
of collective magnetoplasma excitations localized at the
Coulomb impurity. ' There are two such localized op-
tically active collective modes lying in diferent spectral
regions: one develops &om the T+ and S transitions of
D (and, in agreement with the experiment of Ref. 20,
is shifted to higher energies due to the exchange eKects),
and the other develops from the T transition—and lies
below Ru, . The latter mode could explain the low-energy
feature of the CR in Ref. 20 at B = 9 T and v 1.3.

ACKNOWLEDGMENTS

A.B.D. and A.Yu.S. wish to thank A. L. Blinchevsky
for expert help in numerical work. The work of A.B.D.
was supported in part by the INTAS research Project
No. 93-1495.

' Permanent address: General Physics Institute, Russian
Academy of Sciences, Moscow 117942, Russia.
Present address: The Weizmann Institute of Science, Re-
hovot 76100, Israel.
S. Huant, S.P. Najda, and B. Etienne, Phys. Rev. Lett. 65,
1486 (1990); S. Huant et al , in Proceeding. s of the goth In
ternational Conference on the Physics of Semiconductors,
Thessaloniki, 2990, edited by E.M. Anastassakis and J.D.
Joannopoulos (World Scientific, Singapore, 1990), p. 1369.
T. Pang and S.G. Louie, Phys. Rev. Lett. 65, 1635 (1990).
A. Mandray, S. Huant, and B. Etienne, Europhys. Lett.
20, 181 (1992); S. Huant, A. Mandray, G. Martinez, M.
Grynberg, and B. Etienne, Surf. Sci. 283, 565 (1992).
S.P. Najda, C.J. Armistead, C. 'forager, and R.A. Stradling,
Semicond. Sci. Technol. 4, 439 (1989).
D.M. Larsen and S.Y. McCann, Phys. Rev. B 46, 3966
(1992).
A.B. Dzyubenko, Phys. Lett. A 185, 357 (1992); Fiz.
Tverd. Tela (Leningrad) 34, 3238 (1992) [Sov. Phys. Solid
State 34, 1732 (1992)].
A.H. MacDonald, Solid State Commun. 84, 109 (1992).

A.B. Dzyubenko and A.Yu. Sivachenko, Pis'ma Zh. Eksp.
Teor. Fiz. 57, 487 (1993) [JETP Lett. 57, 507 (1993)].
S. Huant, A. Mandray, J. Zhu, T. Pang, S.G. Louie, and
B. Etienne, Phys. Rev. B 48, 2370 (1993).
A.B. Dzyubenko and A.Yu. Sivachenko, Phys. Rev. B 48,
14690 (1993).

i~ J.M. Shi, F.M. Peeters, and J.T. Devreese (unpublished).
S. Holmes, J.-P. Cheng, B.D. McCombe, and W. SchaK,
Phys. Rev. Lett. 89, 2571 (1992).
M.S. Goorsky, T.F. Kuech, M.A. Tischler, and R.M.
Potemski, Appl. Phys. Lett. 59, 2269 (1991).
G. Danan, B. Etienne, F. Mollot, R. Planel, A.M. Jean-
Louis, F. Alexandre, G. LeRoux, J.Y. Marzin, H. Savary,
and B. Sermage, Phys. Rev. B 35, 6207 (1987).
U. Ekenberg, Phys. Rev. B 40, 7714 (1989).
S. Huant, A. Mandray, and B. Etienne, Phys. Rev. B 48,
2613 (1992).
G.E.W. Bauer and T. Ando, Phys. Rev. B 37, 3130 (1988);
M. Potemski, L. Vina, G.E.W. Bauer, J.C. Maan, K. Ploog,
and G. Weimann, ibid. 43, 14707 (1991).
W.J. Li, J.L. Wang, B.D. McCombe, J.-P. Cheng, and



50 TRIPLET TRANSITIONS OF D CENTERS IN qUANTUM . . 4691

W. SchaK, iu Proceedings of the 10th international Con
ference on Electronic Properties of Two Dimensional Sys-
tems, Newport, 199$ [Surf. Sci. (to be published)].
The D singlet S and the triplet T+ transitions have their
origin in the single-particle 18 ~ 2@+ D transition which
is shifted due to the e-e interaction. The shifts, obviously,
are difFerent for the singlet and triplet D states. Similarly,
the origin of the triplet T—transition is the 2p —+ 2s

transition of D which is also shifted due to the e-e in-
teraction. In the high-magnetic-field limit and strictly two-
dimensional consideration of Refs. 6 and 7, these shifts turn
out to be zero.
J.-p. Cheng, Y.J. Wang, B.D. McCombe, and W. SchafF,
Phys. Rev. Lett. 70, 489 (1993).
A.B. Dzyubenko and Yu.E. Lozovik, Zh. Eksp. Teor. Fiz.
104, 3416 (1993) [JETP 77, 617 (1993)].


