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Results of far-infrared Fourier-transform magnetotransmission from two GafAA§34] ;As multiple quan-
tum well sampless-doped with Si-donor on- and off-well centers are compared. In contrast to well-center
D™ ions, the off-well-centeD ™ singlet binding energy decreases with increasing magnetic field between 5.5
and 15 T, as reflected by the decreasing strength obthesinglet transition and a consequent increase of the
neutral donor -2p* transition. This observation represents a verification of the predicted magnetic-field-
induced unbindingmagnetic evaporatigrof shallow impurity states for the off-well-cent& ™ -ion system.
[S0163-18207)50428-0

Recently, there have been several interesting theoretical When donors in the wells are located more than a quarter
considerations of a two-electron problem in magnetic field.of the well width away from the well center, the off-well-
In a model proposed for the quantum dot, exact numerica¢enterD ™~ singlet binding energy initially increases, then de-
solution of the problem of two interacting electrons in the Creases with increasing magnetic field, eventually becoming
x-y plane bound in a harmonic-oscillator potential has beefflissociated. The off-well-centerD ™~ triplet ground state ex-
reported-?2 These authors predicted that the two-electronhibits similar qualitative behavior, but is predicted to disso-
ground state can oscillate between the spin-singlet and spif¢iat€ at a much larger field. Therefore, a crossover between
triplet states as a function of the magnetic-field strength; an(}pe ground singlet and triplet states occurs at some magnetic-
that for a fixed quantum dot size but with increasing mag-'eld strength, above which the triplet state_wﬂ! be the ground
netic field, the spin-triplet state will finally become the state of the system. Su_ch _unusua_l magnetic-field effe_cts are a
round sta,lte These unusual magnetic-field effects are a rdlrect result of magnetic-field tuning of the competition be-
gult of electro.n-electron interactio%sorrelations; However fiveen the electron-electron repulsion and the attractive inter-
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probing of such effects in nearly parabolic quantum dotsaCtlons of the electrons with the positively charged impurity

: ; . e . center. For an off-well-centdd ~ ion, since the peak of the
directly via far-infrared FIR) absorE)gon is forbidden due 10 gactron probability density along the growth direction is dis-
a generalization of Kohn'’s theoretn® FIR radiation couples

- : > placed from the position of the positive charge, with increas-
only to the center-of-mass motion for a parabolic confineing magnetic field the increase of the attractive interactions
ment potential, and hence, is insensitive to electron-electropytially is greater than the increase of the electron-electron
interactions. On the other hand, similar in Splrlt to this SitU'repu|Si0n, then becomes Comparab|e, and f|na||y the
ation, two interacting electrons in they plane bound to a electron-electron repulsion dominates, corresponding to an
fixed positive ion whose position relative to they plane is initial increase and subsequent decrease in binding energy.
variable offer a rather simple system to study electron-The electron-electron repulsion for tBe™ triplet state is less
electron interactions directfy’ For a configuration in which sensitive to field because the antisymmetric orbital state
the positive ion is located at a distance from g plane, a tends to keep the electrons farther apart on average than the
magnetic-field-induced progression of the bound two-symmetric orbital state of the singlet. When the electron-
electron ground state from a singlet to a triplet configurationelectron repulsion exceeds the attractive interactiors, a

has been described, and an unusual magnetic “evaporationjon will dissociate into a neutral donoDP) plus an extra

i.e., magnetic-field-induced unbinding of suciba center, electron. In contrast, for a well-centBr™ ion, since the peak
has been predictedOne way to realize a similar situation is of the electron probability density along the growth direction
to place Si donors away from the centers ofcoincides with the position of the positive charge, the in-
GaAs/AlGa, _,As quantum wells in which the centers of crease of the attractive interactions is always greater than the
wide barriers are>-doped with Si donors, so that donors in increase of the electron-electron repulsion and the kinetic
the wells can trap the second electron provided by barrieenergy with increasing field, which results in a monotonic
donors to form “off-well-center”D~ ions. Numerical cal- increase in binding energy.

culations for such realizable quantum-well systems have also We have carried out far-infrared magneto-optical studies
revealed similar magnetic-field effe&s. of two Si-doped GaAs/AlGa -As multiple quantum well

0163-1829/97/5@1/16924)/$10.00 56 R1692 © 1997 The American Physical Society



a1
]

MAGNETIC-FIELD-INDUCED UNBINDING OF THE . ..

©
o
3
1
T
22
e

14.5T
15.0T

RAPID COMMUNICATIONS

R1693

FIG. 1. Magnetotransmission spectra for
sample 1.(a) Data taken at 4.2 K in magnetic
fields between 5 and 13 T in steps of 0.2 T, and at
13.5 and 14 T(b) data taken at 20 K in magnetic
fields between 7 and 15 T. CR lines for spectra at
different fields are aligned to the CR position of

the 9-T spectrum to show clearly the behavior of
the other features.
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(MQW) samples with donor impurities located on and awayappears on the low-frequency side of CR has been identified
from the quantum-well centers to compare the different beas the lower-energy triplet transitior<);® elevated tem-
haviors between well-center and off-well-cener ions. As  perature is required to populate the ground state of this tran-
expected, for off-well-cente ~ ions the singlet and triplet sition. In addition, evidence of the neutral donor
transition energiegand their binding energigsre found to (D% 1s-2p™ line is seen at higher frequenciésansmis-
be smaller and closer to cyclotron resonaG®), respec-  sion minimum at 178 cm' at 9 T).
tively, compared to their well-center counterparts. In striking Magnetotransmission spectra at 4.2 K for sample 2 are
contrast to the well-centdd ™ ions, the strength of the off- shown in Fig. 2. In addition to the dominant sharp CR fea-
well-centerD ~ singlet absorptiomlecreasesvith increasing  ture (transmission minimum at 121 crhat 9 T), the strong
magnetic field between 5.5 and 15 T due to decreasing popdeature (3) on the high-frequency side of CR increases
lation of the groundD ~ singlet state. This observation pro- slightly in separation from CR with increasing magnetic field
vides direct evidence of the predicted magnetic-field-induced20—25 cm?® between 5.5 and 15 T. A weak feature(4)
reduction of the singlet binding energy in this system. appears on the high-frequency side of feat{8) separated
Two molecular-beam-epitaxy grown GaAs§AGa -As by approximately 10 cmt independent of magnetic field.
MQW structures with 20 periods were investigated. The wellAnother feature(l) is also observed at 4.2 K on the low-
barrier width was 200 A/600 A. Wide barriers were used tofrequency side of CR; the increasing separation of this line
eliminate the possibility of electrons in the wells binding to from CR with increasing magnetic field (6—13 ch is
their parent donor ions in the barriers as neutral donorsapparent.
Sample 1 iss-doped with Si donors in both the well centers ~ Temperature-dependence studfteindicate that features
and the barrier centers at densities ok 20'° cm™? and (1), (3), and (4) are all impurity related; and the binding
3.5x10'° cm™?, respectively. Sample 2 i&-doped ati of  energies associated with featufésand(3) are smaller than
the distance from the well centers to the top edge of the welthat for feature (4). From comparison with variational
in the sample-growth direction at a density of 2 calculation8 for the off-well-centerD ~ singlet and theD°
x 10" cm™2 with a barrier-center doping density of 3 1s-2p™ transitions, feature€3) and (4) are assigned to the
x 10 cm 2. FIR magnetotransmission spectroscopy wasoff-well-center D~ singlet and D® 1s-2p™ transitions,
carried out with a BOMEM DA-3 Fourier transform infrared respectively:! Furthermore, featurél) on the low-frequency
spectrometer in conjunction with a 17-T superconductingside of CR has a smaller slope versus field than CR, similar
magnet system, light pipe, condensing cone optics, and # the lower-energy ~ triplet transition {T-) which appears
Ge:Ga photoconductive detector. The magnetic field was amnly at higher-temperatures for well-cen@r ions as indi-
plied along the sample-growth direction with FIR light cated in Fig. {b). This featurg) is assigned to the off-well-
propagating along the fiel@Faraday Geometjy centerD ™ triplet (T-) transition. Finally, a weak featul@)
Magnetotransmission spectra for Samplgwiell-center — appears between CR and tBe singlet transition when the
D™ ion9 are shown in Fig. 1. The major feature at 4.2 K magnetic field is larger than 13 T, and increases in strength
[Fig. 1(@)] is CR; transmission minimum at 121 chat 9 T.  with increasing magnetic field. This feature is apparently re-
In order to show clearly the behavior of the other featuresl|ated to barrier neutral donors which had migrated toward the
the CR lines for all other spectra at different fields areinterfaces during sample growthSince this is not a major
aligned to the 9-T data. The strong feature at higher energy ifocus of this paper, it is not discussed further.
the well-centerD ™~ singlet line!® Figure ib) shows data It is worth inspecting Fig. 2 more closely. At low mag-
taken on the same sample at 20 K. The strong feature thaietic fields, theD ~ singlet line(3) is the dominant impurity-
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FIG. 2. Magnetotransmission spectra for sample 2 at 4.2 K in

magnetic fields between 5.5 and 15 T in steps of 0.5 T. All spectra F!G. 3. (@ The integrated intensitieg.e., the aregsof the ab-

at different fields are aligned to the 9-T spectrum according to theifOrption profiles oD~ singlet transitions as a function of magnetic
CR positions. fields; (b) normalized integrated intensities to that at 5 T. The ab-

sorption profiles for the well-center and off-well-cenf2r singlet
related feature and tH2° 1s-2p* line (4) appears as a ver _transmons_were obtained l_)y tgklng the logarithm Qf the corresp_ond—
weak shoulder. With increasFi)ng fieIEj)thpep strength of %/heIng transmittance spectra in Figdaland 2, respectively. The solid
D~ singlet line 'continuouslyjecrease@,% change in trans- squares(ll) and circles(®) are for the well-center and off-well-

. . terD ~ singlet transitions, tively.
mission at 6 T, 3% at 15)T while the strength of the neutral centert singiet transitions, Tespectively
donorD? 1s-2p* line increasescorrespondingly. At high cupied initial states, assuming that the final state is unpopu-
fields, theD® 1s-2p™ line is clearly observable with a lated. In thermal equilibrium, the number density of occu-
strength comparable to th@~ singlet line. We have also pied states depends on the binding energy; i.e., the larger the
carried out similar measurements at higher temperaturedinding energy, the larger the density. Although there is no
(7-20 K), and have observed analogous magnetic-field eftheoretical calculation of the oscillator strength dba tran-

fects. This behavior is to be contrasted with the strength ofition as a function of magnetic field, it is reasonable to
the well-centeD ~ singlet line, which increases slightly with assume that the field dependence of the oscillator strength of

magnetic field Fig. 1(a)] a D™ singlet transition is qualitatively similar to that of the

. . o N " _
In order to obtain a more quantitative comparison beD” 1s-2p” transition b¢0ause two.-ele_ctr(im states can
tween the off-well-center and well-centBr~ singlet transi- beoconstructed from a linear combination of single-electron
tions in Figs. 1a) and 2, the integrated intensitiése., the (D®) states modified by the Coulomb repulsion. The oscilla-

0 1c.ont e )
areas$ of the absorption profiles of these transitions, obtaine(%J (r) s(';_rg(r)lglt&h vc\:(iIJI[hve\'/:i) d th)lsinifea;aasnsslltigr?ﬂ;o:Nﬁhwier:::rcee;sﬁ rg

by taking the logarithm of the_ correspondin.g t.rans.mitt."’mcemagnetic field in the range between 5 and 10(-T5%)
spectra, are pIottgd asa fur_1ct|on of magnetic f!eld in Fig. 3Whereas it remains almost constant for a corresponding edge
It is clear that with increasing magnetic field in the rangeyonorl? In addition. the binding energy of the well-center
between 5 and 14 T, the integrated intensity of the well-p- singlet ground state is approximately 2 meV at zero
centerD ™ singlet transition initially increases slightly, and magnetic field>14 considerably larger thakgT at 4.2 K
then saturates at high fields, while that of the oﬁ—well-center(~0_35 me\}, and it increases with field. Hence, the occu-
D™ singlet transition monotonicallgtecreasedy a factor of  pancy of such a ground state should not change significantly
2. _ _ o _ with increasing magnetic field at low temperatures. There-

The integrated intensity is proportional to the product offore, the behavior of the integrated intensity of the well-
the oscillator strength of the associated transifitve prod- centerD ™ singlet transition in Fig. 3, an initially slight in-
uct of the square of the absolute value of the dipolecrease followed by saturation at high fields, is attributed to
transition matrix element between the initial and final stateghe field dependence of the oscillator strength of this transi-
and the transition frequengyand the number density of oc- tion.
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On the other hand, the binding energy of the off-well- In summary, the off-well-centeD~ singlet and low-
centerD ™ singlet ground state for the sample of Fig. 2 is energy triplet T-) transitions have been observed. Their
comparable tgT at 4.2 K® The carriers are statistically transition energies are significantly shifted towards the CR
distributed among the ground and exci2d andD° states, energy compared to well-center™ transitions as expected.
and the conduction-band states; the occupancyldf astate  The off-well-centerD ~ triplet (T-) transition is observed at
depends directly on the field-dependent binding enetgy. much lower temperaturh.2 K) than its counterpart in well-
The oscillator strength of thB ™ singlet transition for a do-  center doped samples, which is seen clearly only at elevated
nor located near the eddhich is the case in the present temperatur¢20—25 K). In striking contrast to the well-center
work) should be almost constant in the field range studiedp - ions, increasing magnetic field cleanfgducesthe sin-
Therefore, the continuous reduction of the integrated imenglet binding energy of off-well-centeéd ~ ions. This unusual
sity of the off-well-centeD ™ singlet transition represents a magnetic-field-induced unbinding of the off-well-cenF
monotonicdecreaseof the binding energy of the initial state state is a direct result of magnetic-field tuning of the compe-
(ground stateof this transition. This is also supported by the tition between the electron-electron repulsion and the attrac-

observedincreasein the strength of the off-well-center tive interactions of the two electrons with the positively

0 7eomt - i : o o
leads drecty 10 the creation of neutal donors according 11106 impurity center. Our experimental rests provide

o . y - 0 9 %vidence for the predicted magnetic-field-induced unbinding
the “reaction” D~ —D"+e.

The binding energy of the off-well-centdd~ singlet of shallow impurity states and are in good agreement with

ground state studied in the present work is predicted to de;_ecent theoretical calculatiofisSThe off-well-centeD ~ ions
crease from-0.9 to~0.5 meV over the field range 5.5 to 14 orm a unique system to study electron-electron correlations

T.8 At 4.2 K, the relative occupancy of the singlet groundIn high magnetic fields.

state at 14 T to that at 5.5 T,(MM T)/N(5.5 T), is approxi- This work was supported in part by the Office of Naval
mately ex|p(0.5—-0.9) meVkgT]~30%, in reasonable Research under Grant Nos. NO0014-89-J-1673 and N00014-
agreement with the decrease of absorption in Fg).3 91-J-1939.
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