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The ground state of negatively charged excitftrisns) in high magnetic fields is shown to be a dark triplet
state, confirming long-standing theoretical predictions. Photolumines¢Bhgereflection, and PL excitation
spectroscopy of CdTe quantum wells reveal that the dark triplet trion has lower energy than the singlet trion
above 24 T. The singlet-triplet crossover is “hiddeng., the spectral lines themselves deot cross due to
different Zeeman energigsbut is confirmed by temperature-dependent PL above and below 24 T. The data
also show two bright triplet states.
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A central problem found in atomic, solid-state, andtively on the strength of the Coulomb interactidielectric
nuclear physics is the case of a three-particle system of feconstant and the details of the QW confineméht>-8Nu-
mions, bound together by long-range Coulomb interactionsmerical calculations also point to the existence of weakly
In atomic physics, this situation is most simply realized bybound, optically active “bright” triplet stated,), although
the two-electron hydrogen iom{~, in which the two identi- there is a large disparity amongst the predicted regions of
cal electrons can exist in either a singlet o triplet state withstability and binding energi€8:® Distinction betweenT
total electron spir§,=0 or 1, depending on external param- and Ty, is due toorbital motionandis not relatedto the spin
eters. The semiconductor analog of #He ion is the nega- Selection rules?~1°Note, T,y and Ty, have identical spin con-
tively charged excitor{trion), consisting of two conduction figuration.

electrons bound to a single valence hole. Optical signatures !N this Communication we present conclusive evidence
from trions have been observed in GaAs, CdTe, and ZnS at the high-fieldB>B.=24 T) ground state of negatively

quantum wells(QWs) (Refs. 1-4. Unlike the H™ ion, the charged trions in CdTe-based QWSs(is a triplet state and

hole and two electrons comprising the trion have comparablE?er?pttﬁca%rggrz'isgi're]é’t gngacs:orzo |eant1):2'[§:|0n 0?;‘:;2';52;_
masses and typically experience strong QW confinement iR engtn. . P y P

: : . . . resolved spectroscopies—photoluminesceribt), reflec-
one dimension, making trions a genuine quantum three

. . ) i . tion, and PL excitatioilPLE) (Ref. 19—proved to be essen-
particle system W'th. C"“'OF“'O interactions for which no gen-,| ‘o, identifying and conclusively determining the spin
eral analytical solutions exist.

; . . properties of trions in magnetic fields belamd abovethe
Much attention has focused on the evolution of trion op-gjngjet-triplet crossover field,. As such, this work repre-

tical signatures with applied magnetic fiéfd.In the limit of  gents a comprehensive picture of the evolution of the trion
zero magnetic field, theory predicts just one bound trionground-state’s spin over a complete range of magnetic fields.
state: theS,=0 singlet trion(Ty) (Refs. 10,11 This is con-  Two important aspects of the singlet-triplet crossover, re-
sistent with Hill's theorent? which states that thél™ ion  vealed particularly in high-field PL spectra, require careful
(with an infinitely massive protgnsupports exactly one accounting of the Zeeman energies of the initial trion and the
bound singlet state. In the opposite limit of extremely highfinal electron states. First, the actual crossover point is
magnetic fields, it can be rigorously shown the&.a1 trip-  shifted to much lower fieldéB.=24 T) than the~70 T that

let is the only bound trion state in a strictly two-dimensionalis expected when Zeeman energies are disregarded. Second,
(2D) systemt13 Model-independent symmetry and less obvious, the singlet-triplet crossinghiddenfrom
consideration$ demonstrate that this lowest triplet state is direct observation, i.e., the measurégdand T,y PL peaks
“dark” (Ty) (i.e., optically inactive, due to the exact selec- themselves daotcross. This is because, following emission,
tion rules imposed by spatial axial and translational symmethe spin(and therefore energyof the final remaining elec-
tries that exist in a disorder-free QW. Thus, at finite magnetidron is different forTs and T,y. Rather, the crossover is re-
fields one expects both singlet and triplet bound tridrs.  vealed by an exchange aitensity between theT, and Ty
More importantly, at some critical magnetic fielj the spin  lines in PL, and by their temperature dependence above and
configuration of the trion ground state must cross over frombelow B...

the singlet to the triplet. Theoretical estimates suggest this Single 120-A CdTe/CggMg, ;sTe QWSs were grown by
crossover field is very largéB.>20 T) and depends sensi- molecular-beam epitaxy ofl.00)-oriented GaAs substrates
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FIG. 1. (Color onling PL, PLE, and reflectivity(Refl) spectra of a 120-A CdTe/GgMggsTe QW with ng=2x 1019 cm™? at
T=1.3 K. The singletTy), dark triplet(T,y), two bright triplet(Ty,; andTy,,) trions, and the neutral excitdiX) are clearly seen(a) Spectra
at 0 T. Inseto™ PL atB=44 T.(b,¢) Spectra at 27 T i~ ando* polarizations. Inseth): X Zeeman splittingcircles and electron splitting
(line) for g.=-1.60. Insetc): Schematic of transitions leading to photocreatiod g&nd Ty, Transition probabilities are coded by the arrow
thickness; the dashed line means the forbidden transition.

by wedge doping, which allows different electron densitiesexciton spin splitting AEx=(gnn—9e) #gB, therefore implies
ne on the same waféf. The data presented here were from aa small heavy-holeg factor (/g <0.2 which actually
structure withn,=2x 10 cmi 2. Polarized optical spectra changes sign at+18 T.
were measured at low temperatufés3—10 K and in mag- Trion formation involves a photocreated electron-hole
netic fields applied parallel to the growth axfaraday ge-  pajr and a background electron from the 2DEG. In high mag-
ometry). DC fields to 33 T(Nijmegen and pulsed fields t0 patic fields, when the 2DEG is totally spin polarized
44J (Los A(Ijamo_s) Wfr\?vysﬁg' Tl.sapph(;r? or He-Ne lasers g 4 1 i this sampli singlet and triplet trion states can be
V.V't power e_nS|ty< yvienr were used for excnayon V12 dentified by their distinct polarizations in PLE, reflectivity,
fibers ordby dlreclt optr|1cal access. C(:jwcularly polarized I'ghtand PL spectra. The singlet tridh with the lowest Zeeman
was used to resolve the exciton and trion spin orientation. : - 3__3
e : S energy has net spin projectic®=S,,+S,,=0-5=-5 (see
Zero-field optlca_ll spectra are shown in qua)l_ where Fig. 2). This singlet emits a~ photon upon recombination,
the well-known pair of resonances associated with the neul- . - . (=1)
eaving the remaining electron in thepper (-3) Zeeman

tral exciton X and singlet trionTg are clearly seen in PL, ) C . .
PLE, and reflectivity. Triplet states, being unbound at Zerostate. Formation of;, requiring a photoexcited electron with

field. are not observed. Linewidths arel.5 meV. much spin antiparallel to the 2DEG electrons, should therefore ex-
smailer than the 3-meV- trion binding ene.rgyaken, as the hibit a strong PLE and reflectivity resonaneely in o* po-
energy difference betweeXiand T lines). The T,: X ratio of

oscillator strengths is 1:9%rom PLE and reflectivity, per- Singlet Triplet

mitting evaluation of the two-dimensional electron gas 2
(2DEQG) density?! At 44 T (inseb, the PL spectra develop 52
two additional strong peaks between tWeand T lines,
which we assign to dark and bright triplets based on their w2
polarization, energy, and evolution with magnetic fields as = Ts ap 32
discussed below. = 5
In finite magnetic fields, correct assignment of the various § - ap
optical transitions to the proper exciton or trion state is es- -
sential. Figures (b) and Xc) show the polarized optical 6 -
spectra at 27 T. The neutral exciténis readily identified in _ip o "
reflectivity, where it dominates all other resonances, exhibits — LR e
equal oscillator strength in both* ando™ polarizations, and é < electron N
also appears in an undoped reference sample. The features = /
observed at the same energy in PL and PLE spectra are there- iz 72
fore also assigned t¥. Note that whileX is strong in PLE FIG. 2. (Color onling Schematic of the hidden singlet-triplet
spectra, it is weak in PL due to thermalization to lower-lying crossover of trion states in CdTe QWs. At high magnetic fields, the
trion states. lowest dark triplet state has less energy than the lowest singlet.

At 27 T, the X Zeeman splitting is~2.7 meV. The field  After recombination, however, the remaining electron is left in dif-
dependence of th and electron Zeeman splittings are ferent spin states. Thus, the observed triplet PL energy remains
shown in the inset. The latter, determined by spin-flip Ramartarger than that of the singlet, as indicated by the lengths of the
scattering?? indicates an electrony factor g.=-1.60. The arrows.
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. ) ) . FIG. 4. (Color onling The temperature dependence of PL spec-

tra measured i~ polarization at 20 Ta) and 30 T(b). Inset: the
<><><><> Tu: Ts intensity ratio vs temperature. The line is a calculation based

ol %%AAA on a two-level model with 0.45 meV energy splitting.

3 %%ii%% anl reflectivity spectra, meaning that the corresponding transition

has no oscillator strength and is optically inactive. Thus, we

Energy of trion state (meV)
SN

T - nl assign this PL peak to the dark tripl€;. It has the largest
5L ° £ 0 binding energy among the triplet states, consistent with the-
A 3 5 - oretical prediction$!1>16The reason dark triplet PL appears
5 % 127 b at all is due to the small but nonzero probability of allowed
7r gl 3 radiative recombination via disorder scattefthgr interac-
N B , 9Ly tion with excess electrons, as demonstrated even in low-
0 T density 2DEGYn,~ 10'° cm?) (Ref. 24.
8 2 //_TS Figure 3a) shows the energy shifts of the trion PL with
87 3¢ w magnetic field, where symbol size indicates the PL intensity
§ g ol and weak transitions are traced by lines. We concentrate pri-
S § T,, marily on the evolution of thd and T,y peaks. For all ac-
A E 1r /— cessible field§0—44 T), the T PL peak occurs at the lowest
° 0 . RO measured energy. However, at about 24 T, hEL intensity
0 10 20 30 40 50

is significantly redistributed in favor dffy, strongly suggest-

ing that the bound dark triplet has crossed the singlet to
FIG. 3. (Color onling (a) Evolution of trion PL peaks inr~ pecome the trion ground Statg. HOWGYefv the ob'se.rve('j PL

(open ando™ (solid) polarizations. Symbol size indicates PL inten- lines themselveslo not crossThis seeming contradiction is

sity. (b) Energies of theT, (circles, T,y (diamonds, and Ty, (tri- resolved by recalling that the electrons which remain after

angles trion states, measured from the neutral exciorshowing ~ recombination ofTg and Ty reside in the uppef—%) and

B.=24 T. Arrows mark the thermal activation processes measuretbwer (+%) spin states, respectively, and these final states are

in Fig. 4. (c) Trion binding energies from Coulomb interactions split by the electron Zeeman ener§¥.= ug|geB. As shown

alone(no Zeeman terms schematically in Fig. 2, th&,, state can have lower energy

than T, but emission fromT,y may still have the greater

larization, as observed. Inde€ly is quite strong inc* PLE  energy. At the crossover field,, when theT and T, states

and reflectivity, and completely absent in the reflectivity  themselves have identical energies, the energy,oemis-

(its absence i~ PLE is obscured by scattered light, where sjon still exceeds the energy @f emission by exacthAE,.

we always detect emission. We describe the change of trion ground state as a “hidden”
In contrast, triplet trions are predominantly polarized op-crossing betweefl, and T4 (Ref. 23.

posite to the singlet. The lowest-energy triplet has net spin  The hidden crossover is revealed particularly well by the
Sz:Sez+S1z:+l_%:_%- This triplet also emits @~ photon  temperature dependence of the trion PL peaks above and
upon recombination, but unlikdg, leaves the remaining belowB,=24 T (Fig. 4). At 20 T (below B,), increasing the
electron in thdower (+§) Zeeman state. This distinction will temperature from 1.3 to 5.9 K depopulates thestate in
prove important shortly, when discussing the hidden singletfavor of Ty, implying thermal excitation of trions from a
triplet crossover. Formation of triplet trions, requiring pre- singlet ground state to a higher-energy dark triplet. In con-
dominantly spin-parallel electrons, should therefore exhibitrast, the same temperature increase at 3@bbveB.) has
resonances largely in the” PLE and reflectivity. Indeed, the opposite effect—an increaseTigemission and a reduc-
two additional resonances ia~ PLE and reflectivity are tion in T,y emission, implying thermal excitation from a dark
clear, and both have corresponding PL emission[Fig. triplet ground state to a higher-lying singlet state. In other
1(b)]. We therefore assign these lines to two “briglwpti-  words, the trion ground state has crossed over from singlet to
cally active triplet trion statesTy,; and Ty,,. Most impor-  dark triplet. A fit to the ratio of PL intensities versus tem-
tantly, however, an additional stromg polarized PL peak is perature(the inset of Fig. 4reveals that the radiative recom-
seen at energy 1.6145 eV. It hae counterpartin PLE or  bination times of the trion states satisfy>t; (Ref. 25,

Magnetic field (T)
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independently confirming the identification ®f; as a dark  strong Coulomb interactions, this enhancement is not enough
state. to ensure binding of additional trion states because the neu-
Whereas the Zeeman splitting of the final electron stategal exciton—relative to which a trion may or may not be
causes the “hidden” nature of the crossover, the differenound—is also more tightly bound. Some additional physics
Zeeman splittings of the initials and Tyy states have an s needed here. One possibility is that trion binding energies
additional important consequence. Namely, the crossover 0¢je enhanced in these QWSs by “bipolaron” effects, wherein

curs at a ][nuch Iowerﬁmagne.tic fieldhthan ikt] WQE"? in the ihe polarization clouds of two electrons in the trion partly
ab;ence 0 deman effects. F'gu'(b)a_s ows thanitial e?- overlap, lowering the total energy relative to the neutral ex-
ergies of all trion states, measured with respect to the centel, oy (Ref. 26

of gravity” of the neutral exciton Zeeman doublet, which !
accounts for the overall diamagnetic shift. Each trace has &
contribution from the trion’s Coulomb binding energy, as
well as the additional Zeeman energy of the initial trion state
The striking feature of Fig. ®) is the evident crossover
between T,y (with spin projection Sf-%) and Tg (with

In conclusion, combined PL, PLE, and reflectivity studies
veal the detailed energy spectrum of charged trions over a
wide range of magnetic fields. These trions exemplify a ca-
honical problem of interest in many solid-state, atomic, and
nuclear physics problems: a three-particle spin system with

3 - ) o long-range Coulomb interactions. We have confirmed a high-
S,=-3) which occurs at 24 T. This value coincides very well fie|4 crossover from the singlet to dark triplet trion state,

with the field at which the PL intensity redistriblftion OCCUS. hholding long-standing theoretical predictions. It has been
Note also that a bright triplet stafié,, (with S,=-3) crosses  ghown that the Zeeman spin splitting of electrons both re-
the singlet at~34 T. For future comparison with theory, we gyces the crossover field to experimentally accessible values
also plot in Fig. 8c) the trion binding energies resulting from g -24 T and also causes the crossover to be “hidden” from
Coulomb interactions along.e., without Zeeman terms It girect observation of the emission energies themselves. We
is evident that the actual crossover field is indeed reducefaye also observed a unique feature in the spectra, an addi-

due to the electron Zeeman splittidde,, without whichB:  tjonal bound bright triplet trion state, and indicated the phys-
would be estimated te-70 T, in good qualitative agreement jcs that might explain its stability.

with theoretical predictions for 1I-VI QW¢$Ref. 17).

As discussed briefly above, the data also reveal another This work was supported by the Deutche Forschungsge-
unique feature: a second bright triplet stajg. It is detected meinschaft(SFB 410, the DARPA Spins Program, the NSF
in PL, PLE, and reflectivity spectra between 22 and 286  Grant No. DMR-0203560, and the EU IHP-ARI Program
Figs. 1b) and 3c)]. While CdTe QWs are characterized by HPRI-CT-1999-00036.
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