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Stability of trions in strongly spin-polarized two-dimensional electron gases
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Low-temperature magnetophotoluminescence studies of negatively charged exiforisofs) are re-
ported forn-type modulation-doped ZnSe/&bd,Mn)Se quantum wells over a wide range of Fermi energy and
spin splitting. The magnetic composition is chosen such that these magnetic two-dimensional electron gases
are highly spin polarized even at low magnetic fields, throughout the entire range of electron densities studied
(5% 10% to 6.5 10** cm™?). This spin polarization has a pronounced effect on the formation and energy of
Xs , with the striking result that the trion ionization eneiglye energy separating; from the neutral exciton
follows the temperature- and magnetic field—tunable Fermi energy. The large Zeeman energy destgbilizes
at thev=1 quantum limit, beyond which a separate photoluminescence peak appears and persists to 60 T,
suggesting the formation of spin-triplet charged excitons.

Magnetic two-dimensional electron gas@®EGS repre- AEy—and hence trion stability— should be sensitive to the
sent a relatively new class of semiconductor quantum strucZeeman energy and spin polarization of the 2DEG. Here, we
ture in which an electron gas is made to interact stronglyexplicitly study highly spin-polarized magnetic 2DEGs to
with embedded magnetic momenté. Typically, magnetic  establish empirical correlations between Zeeman energy and
2DEG's (and 2D hole gasésare realized in modulation- trion stability over a broad range of carrier densities. In par-
doped 1I-VI diluted magnetic semiconductor quantum wellsticular, magnetophotoluminescen.) measurements dem-
in which paramagnetic spins (Mh, S=3) interact with the  onstrate the striking result thAtEy follows the energy of the
confined electrons via a stronly_4 exchange interaction. Fermi surface, which can be tuned independently from the
This interaction leads to an enhanced spin splitting of thd-andau levels via the strong Zeeman dependence on tem-
electron Landau levels which follows the Brillouin-like Perature and applied field. The role of the Fermi and Zeeman
Mn2* magnetization, saturating in the range 10—20 meV byenergies in dgtermmm@ Ey is stuQ|ed for a.II carrier de|_15|— .
a few Tesla. Since the spin splitting can greatly exceed botfi€s, and quallltat|ve agreement ywth numerical calpulatlons is
the cyclotron fw,~1 meV/T) and Fermi energies, these found. The giant spin spllt_tn_wg in the;e systems is found to
magnetic 2DEGs consist largely of spin-polarized Landa€dUceAEx. eventually driving a rapid suppression X{

levels, and serve as interesting templates for studies of quaHy the’zz 1 ql;a_nt?hm Iir{]ﬂjﬁ_bﬁyondy\t/hitchége format_ion_ ofa
tum transport in the absence of spin gaps.addition, it has separate peak in the Rvhich persists to 60 Tmay signify

. L the formation of spin-triplet charged excitons.
been recognized that this interplay between the cyclotron, These experiments are performed at the National High

Zeeman, an'd Fermi energies may glsp be 'epr0|ted. IrP\/Iagnetic Field Laboratory, in the generator-driven 60 T
magneto-optical experiments to gain insights into the ”Chong-pulse magnet and a 40 T capacitor-driven magmith
spectrum of optical excitations found in 2DE&S$he aim of 2000 and 500 ms pulse duration, respectiyehs well as a
this paper is to use strongly spin-polarized magnetic 2DEGS; 1 gyperconducting magnet. Light is coupled to and from
containing a wide range of electron densities, to shed light o, samples via single optical fibef®00 or 600um diam-
the spin-dependent properties of negatively charged excitor@teﬂ, and excitation power is kept below 2@®V. Thin-film
(or triong. 5 _ circular polarizers between the fiber and sample permit
Predicted in 1958 by Lampéerand first observed by pojarization-sensitive PL studies. In the pulsed magnet ex-
Khend' in 1993, the singlet state of the negatively Chargeogeriments, a high-speed charge-coupled device camera ac-
exciton (the X trion) consists of a spin-up and spin-down quires complete optical spectra every 1.5 ms, enabling recon-
electron bound to a single hofeThe energy required to re- struction of the entire spectra vs field dependence in a single
move one of these electrofisaving behind a neutral exciton magnet shot’ The magnetic 2DEG samples, grown by mo-
XP) is theXg ionization energyAEy, usually defined as the |ecular beam epitaxy, are-type modulation-doped 105 A
energy betweeiX; andX° features in optical studiedEy  wide single quantum wells into which Mh are “digitally”
is small; typically only~1, ~3, and~6 meV in GaAs® introduced in the form of equally spaced fractional monolay-
CdTe-! and ZnSe-bas€d2DEGs, respectively. The spin- ers of MnSe. Specifically, the quantum wells are paramag-
singlet nature of the two electrons K, suggests that netic digital alloys of (Zn_,CdSe),_;(MnSe) with x

0163-1829/2000/624)/1630714)/$15.00 PRB 61 R16 307 ©2000 The American Physical Society



RAPID COMMUNICATIONS

R16 308 S. A. CROOKERet al. PRB 61

2 pum ing o- b) X} Pumping o+
P X, \

PL Intensity

PL Intensity

10

776 s/ AV

274 2.76 2.74 2.76 2.78
] Energy (eV
2.75% k 3 gy (eV)
% T E £
2 ENRLE SP):
oy ] o f
g b M E»—S/ C
T .73 ‘ . ‘ . ] 2 &
0 i 6 8 10 S E o
Field (T) AL B
-, " U R U WU SN T NN SO N NN S S
. . . 2.74 2.76 2.78 2.8 2.82 2.84
FIG. 1. (a) Characteristic evolution of the PL spectra at 1.5 K in Laser pump energy (eV)

low-density fi,=1.24e11 cm %) magnetic 2DEGs showing a col-

lapse of theX; and X° peaks atv=1. Inset: spin-ugdotted and FIG. 2. (a) PL excitation at 2.2 K and 1 T, showing an enhance-

spin-down (solid) LLs, and Fermi energy in this samplé) PL ment of Xg when injecting spin-up electrons on the resonance.

peak energies. Inset: the -X° energy splitting, which follows the  (b) A similar enhancement of thX° peak when injecting spin-

Fermi energy. down electrons(c) The intensity ratiol (X7 )/1(X%), with a sche-
matic of the energy levels and processes involitee light holes

=0.1 to 0.2,m=5 and f=% or & effective monolayer are split off due to quantum confinement effects

thickness: The electron densities, determined from

Shubnikov—de Haa$SdH) oscillations in transport, range 2DEGs(with Landau levels evenly spaced by, and spin
between 5 10'° and 6.5< 10'* cm 2. All samples show a splitting <7 w,) is replaced by that shown in the inset of Fig.
large spin splitting at 1.5 K, with “effective’y factors in the  1(a). The LLs are simply calculated as

range 76<g¢""(H—0)<100.

Figure Xa) shows the evolution of the PL spectra in a g1 s=hod(l+3)+SEBs50unueH/2kgT*), (1)

magnetic 2DEG with a relatively low carrier density of
1.24x 10 cm™2 and geff—73 at 1.5 K. This sample has a wherel is the orbital angular momentum index asds the

mobility of 14 000 crAlVs and exhibits clear SdH oscilla- €lectron spin ¢ £). Here fiw,=0.83 meV/T is the electron
tions in transport! At H=0, the data show a strong PL peak cyclotron energy, and the second term is the Zeeman energy:
at 2.75 eV with a small satellite-6 meV higher in energy. Bsr is the Brillouin function describing the magnetization of
With applied field, the peaks shift rapidly to lower energy inthe S=3 Mn** moments E, is the saturation value of the
the ¢* polarization due to the large Zeeman eneftpe o~ €lectron splittinggy,=2.0, andT* is an empirical “effec-
emission disappears completely at low fields in all the magtive temperature” which best fits the low-field energy shifts.
netic 2DEGs, much like their undoped counterp@t8y 1~ We ignore the much smaller contribution to the Zeeman en-
T, the satellite develops into a clear peak of comparable anfrgy arising from the bare electrgfactor. At low fields, the
plitude, and as will be verified in Fig. 2, we assign the high-spin-down LLs(solid line9 are Zeeman shifted well below
and low-energy PL features &° andX; . At v=1 (5.5 T), the spin-up LLs(dotted lineg, leading to a highly spin-
the smooth evolution of the PL spectra changes abruptly aRolarized electron gas, e.g., by 1 T, over 95% of the elec-
the X_ resonance collapses and a strong, single PL peal{Ons are oriented spin down in this sample. The Fermi en-
emerges at an energy between thal(BfandXs_ _as shown. Er9yer (thick line) is calculated numerically by inverting the
This PL feature persists to 60 T. Figurébl shows the en- integral
ergies of the PL peakg&he data are fit to Gaussignsvhere
the discontinuity av=1 is clearly seen. Th& ion_izat!on No= fx gle,B,T]f[e,e¢,T]ds. 2
energyAEy decreases and oscillates with magnetic fjatd —
set, Fig. 1b)]. Anticipating Figs. 3 and 4, we note thAE
qualitatively mimics the Fermi energy in this low-density Here, N, is the known electron densityfi{e,e¢,T] is the
magnetic 2DE({plotted in Fig. 1a) insef. Fermi-Dirac distribution, andy[&,B,T] is the density of
Owing to the giant spin splitting in this sample, the “or- states, taken to be the sum of Lorentzian LLs of wifith
dinary” Landau level(LL) fan diagram for nonmagnetic =%/27,' centered at the energieg, given in Eq(1). The
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electron scattering time; is obtained from analyzing SdH
oscillations, or alternatively from the measured mobility.

Typically, identification ofX° and X, relies on their po-
larization properties in reflection or absorptida- measure-
ments which directly probe the available density of states.
However, in these magnetic 2DEGS, the huge Zeeman split-
ting and the relatively broad spectral linewidtfresulting
from the high M#" concentratioh complicate these stan-
dard analyses. While reflectivity studies in these samgtes
confirm the presence of two bound states at zero fiakd
expected forx® andX_'), we rely on spin-polarized PL ex-
citation measurements to verify the peaks in finite field,
shown in Fig. 2. At fixed field and temperature, we record
the PL while tuning the energy and helicity of the excitation
laser (a frequency-doubled cw Ti:sapphire lgseBince the
PL is entirelyo* polarized, it must arise from the recombi-
nation of a spin-downrfis=—3) electron with am;=—3
valence holdsee diagram, Fig.(®)]. If that mg=—3 elec- :
tron is part of anXg trion, emission will occur at thég 19 pield (Tes%g
energy. Thus, the probability of forming, is related to the o _ o
number of spindp (mg= +%) electrons present in the sys- FIQ. 3. (@ C_haracterlstlc _evolutlon qf the PL spectra in hlgh-_
tem. By specifically injecting spin-up electrons at the density .magnetlc 2DEQS, with calculation of the LLs and. Fermi

; energy(insey. (b) Energies of the observed PL peaks at different

resonance, we do indeed observe an enhancement &fthe temperatures, with thi_ -X° energy splitting(inse
intensity [Fig. 2(@)]. In contrast, injecting spin-down elec- ' s '
trons with " light can (and doesonly favor ghe?(o INten- are characteristic of that obtained in samples wighup to
sity [Fig. 2b)]. The amplitude ratiol (X5 )/I(X"), is plotted g 5101t cm 2, the highest density studied. Again, we ob-
in Fig. 2(c), where the effects of pumping spin-up and spin-gerve a dominant PL peak &=0, which shifts rapidly
down electrons are more easily seen. Of related interest, 'gown in energy with applied field. However, in contrast with
difference in this ratio is o_bserved when exciting abO\_/e _thqhe low-density 2DEGs, the high-energy satellite peak does
ZnSe barriers2.8 eV)—evidence that the injected spin is ot appear unti~2 T (at 1.5 K). This satellite grows to a
scrambled when the electrons spill into the well from thepeak of comparable amplitude by 12 T, and exhibits similar
barrier regions. _ o _ sensitivity to the energy and helicity of the pump laser, as

With the aid of the diagram in Fig.(@), the evolution of  geen in Fig. 2; therefore, we again assign these features to
the PIa spectra in Elg. 1 may be mterpr.eted as fol.lowsc,: X andX°. At »=1 (17 T, these resonances collapse and
and X™ are competing channels for exciton formation, with gre again replaced by a strong emission at an intermediate
Xs dominating at zero field. With small applied field, the energy which persists to 60 T. The energy of the observed
large spin splitting drives a rapid depopulation of the spin-uppL. peaks at 1.5, 4, and 10 K are plotted in Figh)3along
electron bands, reducing the probability)af formation and  with AE (inseb. Several features are notable. First, ¥f&
thus increasing<® formation, as observed. With increasing peak only becomes visible at a particugin splitting—not
field and Zeeman energ¥%, continues to form, with re- field—in support of the assertion th&P forms readily only
duced binding energy, until it is no longer energetically fa-when the spin-up electrons subbands depopulate to a particu-
vorable to bind a spin-up electron—in this case, evidently, atar degree. In addition, the collapse of tk& andX_ peaks
v=1 when the Fermi energy falls to the lowest LL. The PL occurs atv=1 independentf temperature, again indicating
peak which forms at=1 (and persists to 60 )T with an  that the drop of the Fermi energy to the lowest LL destabi-
energybetweerthat of X; andX?, represents formation of a lizes XS . Finally, AEy again follows the calculated Fermi
new stable ground state. A likely candidate is the spin-triplekenergy in this sample, exhibiting oscillations in phase with
state of the negatively charged excitaX; (), wherein both  the Fermi edge.
bound electrons are oriented spin down. Kjetrion, which This latter behavior is unexpected but appears to be true
must be the only stable trion in the limit of infinite Zeeman in all our samples. In contrast with studies in nonmagnetic
energy, may be forming stably with this energy in these spin2DEGs, these data clearly demonstrate the relevance of both
polarized magnetic 2DEGs, due to the large Zeeman energ$he Zeeman energy and the Fermi energy in determining the
Indeed, the very recent calculations of Wejsall* reveal trion ionization energyAEy. In Fig. 4 we explicitly study
the presence of a stable “bright” triplet trion with energy this behavior and reveal the surprising result theEy
between that oK and X% at high magnetic fields, as seen closely follows the energy of the Fermi surfasgardlessof
here and in recent high-field studies of trions in GaAs-baseélectron density, temperature, and applied field. Figueg 4
2DEGs™ shows the measured field dependence\&y in six mag-

We turn now to results from high-density samples. Figurenetic 2DEGs with electron densities from5x10' to
3 shows PL spectra and energy shifts observed in a high=2.5x10" cm 2 The data are plotted from the field at
density magnetic 2DEG n,=4.2x10" cm 2 mobility ~ which distinct X and X; PL peaks first appear, until the
=2700 cnt/Vs, andgé (H—0)=95 at 1.5 K. These data collapse of the PL spectrdEy is seen to decrease rapidly
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S e T 8 i SAEpA A influence of the Zeeman energy. Physically, the energy of the
2 g R - . IS A spin-up electron irXy increases with spin splitting, becom-
b Wiy, 10K, . .

o w2 I » o M&’% ing more weakly bound, reducingy by roughly half of the
JE Ilg;l'je“ sp LK .515,). K Wb total Zeeman splitting until thAE_ destabilizes. Within this
=4 \’w B top L ' scenario, however, the rolloff in the slope of the data towards
i \/\ N i . o zero field is puzzling, possibly indicating that the energy

5N LR T S § betweenthe Fermi edge and the spin-up subbaidgher
= : E e S DR DU NS than the Zeeman energy itsethay be the relevant param-
1 2 3 435 5 10 15 20 . .
Field (Tesla) eter, as the calculated Fermi energy shows precisely the same

behavior. No theoretical framework for this behavior exists
at present. Alternatively, Fig.(d) shows typical data from
the high electron density sample where the Fermi enétdgy
meV) is comparable to the total spin splittin@2.6 meV,.
Here, the measuredEy clearly follows the oscillations of

with field at the lowest densities, but remain roughly con-the calculated Fermi energy, with no clear indication of the
stant and exhibit weak oscillations at high densities. Further;mef pilayectjhby trr_e Zleemgnl e?;(rgyf. We gose tk;?sr? que?tlons
a rough extrapolatiofdotted line$ reveals that\Ey at zero or Tuture theoretical models Toks formation, which mus

field increases from~7 to 10 meV with carrier density. nepessarllylnclude the Zeeman energy and the influence of a
Aside from a~7 meV difference in overall magnitude, these f|n||te Fermll energy. h d . dv of
features are qualitatively reproduced by the numerical com-_ " conclusion, we have presented a systematic study o

putation of the Fermi energy in these samples, plotted in thgharggd exciton formauo_n n strongly magnetic 2DEGs,
lower graph. It is natural to associate 7 meV with the “bare” wherein the giant spin splitting dominates the cyclotron en-

(n.—0) X, binding energy, in reasonable agreement with€ray and the electron gas is highly spin polarized. The trion

earlier studies in low-density, nonmagnetic ZnSe-baseJJonlzatlon energyA Ex tracks_the energy of the Ferrm edge
2DEGS? Thus, at least at zero field Ey reflects the “bare” rggar_dle:_ss of elgctron density, temperature or applied f'e.ld’
Xs binding energyplusthe Fermi energy, in agreement with highlighting the |mportant.rolgs playgd by both the Fgrm|-

s ? . . R . and Zeeman energies. With increasing electron density, the
a recent viewpoirtf wherein the ionization process requires

. lectron fron{- to the t f the Fermi data suggest thahEy—at least at zero magnetic field—
removing one electron Irom 1o the top of the Fermi Sea.  oqacts the “bare” X, ionization energy o7 meV plus
In nonzero field, the Zeeman energy reducesXheion-

L - the Fermi energy. Studies in low density samples show that
ization energy. The explicit temperature dependencéBf

) . . . . . the "bare” X binding energy is reduced by an amount
in the low-density magnetic 2DEG is particularly telling . . . -
[Fig. 4b)]: Here, the small Fermi energy should play a mini- proportional to the increasing Zeeman energy until Xge

mal role (e~1.5 me\<9 meV total spin splitting and the destabilizes and no Ionge_r f_orms, and in high density
data should directly reveal thé ionization energy. At dif- samplesAEy follows the oscillations of the Fermi surface as

f Pt i E. d f it field val it moves between Landau levels. Quantitative interpretation
erent temperatures) Ex ecreases from IS zero-neld value ¢ yhoge gata must await a more complete theory of
of ~7.5 meVat a rate which depends on the Brillouin-like X~ formation in electron gases
spin splitting In this sample, the 2DEG is almost immedi- S 9 '

ately completely spin-polarized—no gas of “spin-up” elec-  This work was supported by the NHMFL, and NSF-DMR
trons remains—and thus the drop AEy must reflect the 9701072 and 9701484.

FIG. 4. Explicit dependence of the trion ionization enefyfyy
on (a) carrier density in otherwise identical magnetic 2DEGs, and
on temperature iitb) low- and(c) high-density samples, all show-
ing marked similarity to numerical calculation of the Fermi energy.
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