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Magnetoluminescence study of a two-dimensional electron gas confined
in diluted-magnetic-semiconductor quantum wells
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We have carried out a photoluminescence study of amtype modulation-doped
ZNnSelZn gLy 1M g3sSe/ZnSe single quantum well structuidectron areal density,=1.6x 102 cm™?)
in magnetic fields up to 30 T. In the presence of a magnetic field, the broad emission band in the vicinity of the
gap evolves into a series of discrete features. These are attributed to interband transitions of electrons occu-
pying Landau levels to photogenerated holes. The Landau transitions associated with both electron spin states
(mj== %) are clearly resolved due to the large electron and dbectors exhibited by the magnetic wells. An
analysis of the Landau-level occupation as a function of magnetic field yields the electron concentration.
[S0163-18298)05111-X

The optical properties of two-dimensional electrons con-rons and those of the magnetic ions. The zero-field photolu-
fined in heterostructures based on I1l-V semiconductors haveinescencéPL) spectra fromn-type magnetic samples are
been studied in detail over the past 15 yéa‘?s‘l_’hg |umi- very similar to those from nonmagnetic I1-VI structufem
nescence from these structures at zero magnetic field is brogde presence of a magnetic field, significant differences are
and featureless; it is attributed to radiative transitions beObserved; the emission band Sp“ts into two Strong|y circu-
tween electrons populating the lowest conduction subbangly polarized components that are associated with transi-
with photogenerated holes. When a magnetic field is appliegons petween then = — 1 (m;=+ 1) electrons andn;= —
perpendicular to the structure layers, the degeneracy of thie(mj: +2) holes. JThe ener]gy of the two compone]nts does

eIectrgns gstioqated with thet motlé)n In bheydplanet IS r‘cf't'h ¢ not change for magnetic fields>10 T due to the saturation
MOved and their eneérgy Spectrum becomes diSCrete, with g 4, magnetization in the magnetic well layer. For mag-
appearance of Landau levels. This quantization manifests it-

. ) o ngtic fieldsB>12 T, the lower PL component exhibits fur-
self as a disappearance of the continuous emission band a L splitting due to the emeraence of Landau levels. The
its evolution into a series of discrete interband transitions piting 9 :

with all excitonic effects screened by the electron gas. Mor agnetic-field dependence of the Landau-level occupancy

recently’ the magnetoluminescence framtype modulation- allows the determinatipn pf the electron density. Tr_lis work
doped Zn_,Cd,Se/ZnS€Cl) quantum wells has been stud- demonstrates_ the real'lzatlon of a system th.at co'nf.mes elec-
ied. The phenomena in this 1I-VI system are very similar tolfons for Wh'Ch thg size of the eleciron spin-splitidg,
those observed earlier in Ill-V-based structures. These in¢@n Pe varied with respect to the cyclotron g&f,
clude the screening of excitons, band-gap renormalization, " ®c-
and the dependence of the Landau-level occupancy on mag-
netic field. Magnetotransport studies have been reported by
Smorchkovaet al.” of a two-dimensional electron gas con-
fined in Zn _,Cd,Se wells that incorporate fractional mono-
layers of MnSe. Quantum transport in these structures is EXPERIMENT
strongly influenced by the spin-exchange interaction between
electrons and the localized Mn ions in the MnSe monolayers. We have used two ZnSe/dg,«Cdy14Mng gzs5€/ZnSe

In this paper we report a magnetoluminescence studgingle quantum well structures in this work. Sample 1 was
of an n-type modulation-doped Zngel)/  dopedn-type with chlorine in the ZnSe barriers; sample 2
Zm _y—,CdMn,Se/ZnS€Cl) single quantum well structure. was not intentionally doped and was used as a reference.
The well layers belong to a class of materials known as “di-Both structures were grown using molecular-beam epitaxy
luted magnetic semiconductor§DMS) due to the presence on (100 GaAs substrates on which a 2400-A-thick undoped
of transition-metal ions randomly substituting the nonmag-ZnSe buffer layer was deposited. The ZnSe barriers were
netic cation$® The most striking feature of DMS is the 3600 A thick, and the Zgig,4Cdh 1Mng o3Se wells 100 A. In
enhanced electron and hote factors resulting from the sample 1, 240-A undoped ZnSe spacers were incorporated
strong exchange interaction between the spins of band elebetween the well and the doped barriers.
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Sample 1 The zero-field emission feature is attributed to radiative re-
combination processes between electrons occupying states at
@) ' " B=oT the bottom of thes; subband and photogenerated holes. All
excitonic effects are screened by the electrons. In the pres-
ence of a magnetic field up to 10 T applied perpendicular to
. . . . the structure’s layers, the luminescence splits into two com-
ponents that are circularly polarized as [dashed line in
Fig. 1(b)] and o_ [solid line in Fig. 1b)]. The o, (o)
component is attributed to band-to-band recombination pro-
cesses between the;=—3 (m;=+3) electrons andn,=
—3 (m;j=+3) holes. The weak feature indicated by the ver-
tical arrow in Fig. 1b) is associated with transitions between
m;= — 3 electrons andn; = + 3 light holes.
Even though the energy separation of the two heavy-hole
- PL componentd90 meV at 10 7 is well abovekT, the
250 255 260 2.65 upper (@_) component is still observable in the PL spectra.
Energy (eV) This has been reported earlier in other strained quantum well
structures and epilayéfsand has been attributed to the long
FIG. 1. Photoluminescence spectra from sampld £4.2K,  gpin-relaxation lifetimer,, of the holes that becomes compa-
(@ B=0T. (b) B=10T. (c) B=28T. In (b) and (c), the solid  aple to the recombination time. The increaserris due to
(dashedl line indicates luminescence analyzedaas (o ). the strain-induced separation of the heavm] £+ %) from
) oo the light- (m;= + 1) hole states; the matrix element for the
The PL spectra were recorded in magnetic fields up to 39+ 3)—,|—2) transition atk=0 vanishes if we assume a
T at the National High Magnetic Field Laboratory. _The rnag'Heisenberg-type coupling between the spins of the holes and
netic field was generated by a water-cooled resistive magnefi, ise of the Mn iond? Both samples used in this study in-

the samples'we're mounted in an exchange gas cryostat th@érporate thick ZnSe layers (buffer plus barri€000 A)
was placed inside the magnet bore. Luminescence was ¥at impose a compressive strain on the much thirieo

cited by the 3638_-A Iing of an arg(_)n-ion Iaser_. Th(_e IaserA) Z52:C 0 1M 0:Se well layers of approximately 193.
begnt"nhwas F:?r:jswltg?d via a”m?nédgam Lévﬁgzycal f|bt(_ar The presence of strain does not affect the electron-spin-
and the emitted ight was coflected by a A0r-diam OPY  elaxation timer., which remains well below the recombi-
cal fiber. The luminescence was analyzed by a grating SPeG,io,  1jmel0.13 The intensity of theo_ component in
trometer equipped with single-channel photon counting elec'ample 1 is 60 times stronger than the ;ame transition in the

dovice detector. All mesurements were caried o at 42 gdoped sample 2. This difirence s understood as fol-
' ‘ ws: In sample 2 both electrons and holes patrticipating in

in the F_araday geometry, with the magnetic .ﬁelq applie he o_ recombination process are photogenerated, wijth
perpendicular to the structure layers. The polarization of the d frecti he lumi . it | le 1
luminescence was analyzed @s or o_ by a combination and 7, affecting the luminescence intensity. In sample 1,

- . ... .._which contains a dense two-dimensional electron gas how-
of a quarter-wave plate followed by a linear polarizer with its

o ) P ever, both electron-spin statesi(= + %) are occupied and
transmission axis at 45° with respect to the quarter-wav o ] .
. : he recombination intensity is only affected by the spin-
plate fast axis. The assembly was placed at the tip of the ; . . 2
N : ! ' . Telaxation time ¢,) of the holes. This stronger relative in-
collection fiber and transmitted left circularly polarized light tensity of theo component in sample 1 is a sianature of the
(o+) when the magnetic field direction was pointing up. Y o P P 9
L L - two-dimensional electron gas.
Reversal of the magnetic fieldmagnetic field pointing N . -
. S i h : . For magnetic fields greater tha® T a series of distinct
down) resulted in transmitting right circularly polarized light .
- : : features emerges from the lower-energy brafashed line
(o_). The emission spectra were studied using two methods

i : o .In Fig. 1(c) for B=28 T]. Featuregi) at 2.525 eV andii) at
The first was to fix the magnetic field and measure the lumi 542 eV are attributed to transitions from the—— 2, |

nescence intensity as a function of detected photon energy, . d1—1 conduction-band Landau levels. respectivel
we refer to these spectra as “energy scans.” The secon them; = — 2 hole state. Featurév) at 2.621 e,V i zssoci-y’
technique consisted of fixing the detected photon energy an d 'lh h 2 - f' he — - 1 .I ~0o ducti
recording the luminescence intensity as the magnetic fiel ted with the transition from t ?‘J_+2' =4 con ughon-
and Landau level to the; =+ 3 hole state. Featurgii) at

was ramped from 0 to 30 T; we refer to these spectra a 503 eV is identified due 1o t o bet
“field scans.” Field scans are more sensitive to interband™ >~} €V 1S ldentine a? due 1o transitions betwaan
= — 3 electrons anan; = + 3 light holes. In sample 2 transi-

transitions with higher slopesi€/dB). tions associated with Landau levels are not observed; only
the two e;h; excitonic component$o, and o_) are ob-
served up to 30 T.

DISCUSSION In Fig. 2 we plot the engrgies of the ir_1te(band t.ransitions
from sample 1 as a function of magnetic field. Circles and
The zero-field PL spectrum from sample 1 is shown incrosses indicate features analyzedras triangles represent
Fig. 1(a). It consists of a broad (width40 meV) band in the PL features analyzed as_ recorded using energy scans.
vicinity of the lowest-energy interband transitior,f,). Circles (crossey correspond to PL features recorded using

PL intensity (A.U.)
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FIG. 4. Calculated energies of the conduction-band Landau lev-
els plotted as a function of magnetic field. The spm;X and
Landau-level () quantum numbers are shown to the right. Dashed
(solid) lines are used for themj=—% (mj=+%) electron-spin
states. The vertical lines indicate the magnetic field positions for
filling factors v=3 and 5.

FIG. 2. Energies of the PL features from sample 1 plotted as a o . o
function of magnetic field aT=4.2 K. Triangles, energy scans transition in Fig. 2[feature(i)] exhibits a step at-17.5T

(o_); circles,

energy scanso(.); Crosses,

field scanso(.).

that nearly matches the field at which a similar step occurs in

The vertical arrows indicate the magnetic field positions for filling bulk Zn, _ ,Mn,Se This behavior has been attributed to the
factorsy=3 and 5.

energy(field) scans. An example of a field scan is given in

first (of five) magnetization steps resulting from the Mn-Mn
pairs.
In Fig. 4 we plot the calculated energies of the lowest six

Fig. 3. The spectrometer was fixed at 2.536 eV as indicatednergy Landau levels in the conduction band as functions of
by the horizontal dashed line in Fig. 2, while the magneticmagnetic field. Dashetsolid) lines indicatem; = -1 (m;=
field was ramped from 0 to 30 T. The field scan in Fig. 3+ 3) electron-spin states. The energies were determined by

contains three featuresi(a) at 3.6 T,(b) at 15 T, and(c) at

adding the Landau energy terf{l+1/2)hw.] to the

25.5 T. Featurda) results from the redshift of the lower PL electron-spin contribution. The electron spin splitting was

branch @) as it crosses the detected enefgge Fig. 2

taken to be 17% of the total splitting associated with heavy-

Featuregb) and(c) are identified as the interband transitions hole transitions® As can be seen in Fig. 2 the,=—3, |

associated with thmj =—

1, 1=2 andl =1 conduction-band

=3 transition vanishes @=14T (£0.5T). This results

Landau levels, respectively. The energies of the PL featurefom the depopulation of then, = — 1, 1=3 state due to the
recorded using both energy and field scans are in good agrefnite electron occupancy per unit area of each spin-state
ment[see featurdii) in Fig. 2]. The energy of the lowest (Be/h). Similarly atB=22T (+0.5T) themjz—%, =2

PL intensity (A.U.)

Sample 1

Energy = 2.5636 eV

n 1 n
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transition disappears. Both field values are shown in Fig. 4
using vertical lines and correspond to filling factars5
(B=14T) andv=3 (B=22T). The occupied states are in-
dicated by solid circles. An electron areal densify= (1.6
+0.1)X 10*? cm~? was determined from these filling factors.

CONCLUSION

We have studied the band-edge PL spectra from-type
modulation-doped ZnSe/43,:Cd, 1AMNg gz55€/ZnSe single
guantum well structure(electron areal densityn,=1.6
X 10" cm™?) in magnetic fields up to 30 T. Interband tran-
sitions that involve electrons occupying Landau levels asso-
ciated with both (n;=+ 3) spin states have been observed.
An analysis of the Landau-level occupancy as a function of
magnetic field allows a determination of the electron gas
density. The physical system studied is unique because the

FIG. 3. Field scan from sample 1 taken with the spectrometelectron spin splittingAEg is much larger than the corre-

tuned at 2.536 e\{dashed horizontal line in Fig.)2T=4.2 K.

sponding splitting in nonmagnetic 1I-VI and IlI-V structures.



57 BRIEF REPORTS 6281

In addition, the saturation valueB10 T) of AE, can be ACKNOWLEDGMENTS

tailored by varying the transition-metal ion concentration in  p portion of this work was carried out at the National
the magnetic wells. Also the relative size of the spin splittingHigh Magnetic Field Laboratory, which is supported by NSF
AE; and the cyclotron gap E, at a fixed magnetic field can Cooperative Agreement No. DMR 9527035 and by the State
be continuously changed by varying the angle between thef Florida. The work at SUNY was supported by ONR under
applied field with the perpendicular to the structure layers. the MFEL program.

1A, Pinczuk, J. Shah, R. C. Miller, A. C. Gossard, and W. Wieg- 9], P. Lascaray, irSemimagnetic Semiconductors and Diluted

mann, Solid State CommuB0, 735 (1984. Magnetic Semiconductgredited by M. Averous and M. Bal-

2C. H. Perry, J. M. Worlock, M. C. Smith, and A. Petrou,Hiigh kanski(Plenum, New York, 1991 Vol. 55, pp. 169-190.
Magnetic Fields in Semiconductor Physieslited by G. Land- 1. C. Chou, A. Petrou, J. Warnock, and B. T. Jonker, Phys. Rev.
wehr (Springer-Verlag, Berlin, 1987 p. 202. B 46, 4316(1992.

Tapster, S. J. Bass, and A. D. Pitt, Phys. Rev. L8#.2130 124 3 | ozykowski and V. K. Shastri, J. Appl. Phy89, 3235
E. D. Jones, H. Ackermann, J E. Schirber, T. J. Drummond, L. R13C_ D. Powleit, L. M. Smith, and B. T. Jonker, Proceedings of
Dawson, and I. J. Fritz, Solid State Comm&®, 525 (1985.

5D. Heiman, B. B. Goldberg, A. Pinczuk, C. W. Tu, A. C. Gos-
sard, and J. H. English, Phys. Rev. Léil, 605 (1988.

6 .

G. Kioseoglou, J. Haetty, H. C. Chang, H. Luo, A. Petrou, T. 1,4 . . . . .
Schmiedel, and P. Hawrylak, Phys. Rev5B 4628(1997. Y. Shapira, inSemimagnetic Semiconductors and Diluted Mag-

’I. P. Smorchkova, N. Samarth, J. M. Kikkawa, and D. D. Aw- netic SemiconductorRef. 9, pp. 121-168.
schalom, Phys. Rev. Leff8, 3571(1997. A. Twardowski, T. Dietl, and M. Demianiuk, Solid State Com-

83, K. Furdyna, J. Appl. Phy&4, R29 (1988. mun. 48, 845 (1983.

the 22nd International Conference on the Physics of Semicon-
ductors edited by D. J. Lockwoo@World Scientific, Singapore,
1994, Vol. 3, pp. 2561-2564.



