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Observation of a Ferromagnetic Transition Induced by Two-Dimensional Hole Gas
in Modulation-Doped CdMnTe Quantum Wells
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The presence of a ferromagnetic transition in single, modulation-doped, 8 nm quantum well
of Cdye76Mng.024Te€/CdyesMdo27ZN0 07 TE:N is evidenced by photoluminescence magnetospectroscopy.
The transition is driven by long range Ruderman-Kittel-Kasuya-Yosida interactions between Mn spins,
mediated by2 X 10'' holes per crh It occurs at 1.8 K, in agreement with a mean-field model.
[S0031-9007(97)03602-8]

PACS numbers: 75.70.Cn, 75.30.Hx, 75.50.Pp, 78.55.Et

Because of complementary properties of semiconductgulasma cell as a nitrogen source. Prior to fabrication of the
and ferromagnetic material systems, a growing effort igproper structures, doping characteristics of the barrier ma-
directed toward studies of hybrid semiconductor-magnetiterial Cd -, -.Mg,Zn.Te have been determined by means
nanostructures. Such devices, in which both electric andf the Hall effect, capacitance-voltage profiles, cathodolu-
magnetic fields are spatially modulated, have usually beeminescence, and x-ray diffraction. It has been found [5]
fabricated by patterning a ferromagnetic metal on the tophat by lowering the growth temperature down to 220—
of a modulation-doped GaAs/AlGaAs heterostructure [1]240° C it becomes possible to reduce the nitrogen-induced
or by incorporation of magnetic clusters directly into adiffusion of Mg atoms and to obtain hole concentrations
semiconductor matrice [2]. up to5 X 10'7 cm~3 in Cdy—,—.Mg,Zn, Te with z =0.07

In this Letter, we show that the two-dimensional holeandy up to 27%.
gas confined in modulation-doped quantum wells of The studied modulation-doped structures consist
Cd;—Mn,Te producesyia the Ruderman-Kittel-Kasuya- of a single 8 nm quantum well (QW) of nominal
Yosida (RKKY) mechanism, a ferromagnetic coupling Cdy97sMnggsTe embedded in  Gd¢Mng7Zng g7 Te
between the Mn spins. Actually, by the direct observatiorbarriers grown coherently onto a (100) {gZng,Te
of a ferromagnetic phase transition, we demonstratsubstrate. Such a layout ensures large confinement
that this coupling can overcompensate antiferromagnetienergies for the holes in the QW, minimizing at the same
interactions specific to 1I-VI diluted magnetic semicon-time the effects of lattice mismatch. Nitrogen-doped
ductors (DMS) [3]. Our results mean, therefore, that theegion in the front barrier is at the distance of 20 nm
well-established methods of modulation of the carrier(samples No. 1 and No. 2) and of 10 nm (sample No. 3)
concentration in semiconductor quantum structures cato the QW. Furthermore, in order to reduce depleting
be applied for tailoring of the magnetic properties. Theeffects, two additional nitrogen-doped layers reside at
transition to the ferromagnetic phase is put into thethe distance of 100 nm from the QW on both sides.
evidence by observing colossal Zeeman splittings ofor control purposes, an undoped structure (sample
interband optical transitions, probed here by means oNo. 4) was also grown and examined. The nominal hole
photoluminescence (PL) and its excitation spectra (PLE)concentrations in the doped structures, evaluated from a
a technique equivalent to absorption spectroscopy bugelf-consistent solution of the Poisson and Schrédinger
which can be used with a strongly absorbing substrateequations, ar@ X 10'' and3 X 10'' cm™2 for the two
A quantitative description of our findings confirms pre- employed values of the spacer width.
dictions of a recent model [4] on the free carrier-induced The actual samples have been characterized at 2 K
ferromagnetism in structures of doped DMS. It makesand in the magnetic fields up to 110 kOe by PL, PLE,
it also possible to evaluate the strength of many bodwand reflectivity. The latter was taken in the presence of
effects for the case of two-dimensional hole gas. More-additional white light, so that under stationary conditions
over, the data provide important information on criticalthe holes are neutralized by electron diffusion [6]. In
phenomena in the disordered magnetic systems of reducedch a case, we observe free excitons with a well known
dimensionality, illustrating, in particular, how long-range [7,8] giant Zeeman splitting in the ¢d,Mn, Te QW'’s,
spin-spin interactions stabilize an ordered phase and makehose quantitative description gives= 0.024 = 0.002
fluctuations of magnetization irrelevant. for the studied samples, in agreement with results for the

Our studies have been carried out on samples growreference sample No. 4. It is worth recalling at this point
in a molecular beam epitaxy (MBE) chamber equippedhat the splitting of the effective mass states in DMS is
with a home-designed electron cyclotron resonance (ECRJirectly proportional to the magnetization of the localized

0031-900797/79(3)/511(4)$10.00 © 1997 The American Physical Society 511



VOLUME 79, NUMBER 3 PHYSICAL REVIEW LETTERS 214Jy 1997

spins, which allows for a rather sensitive magnetometrythe design of the structures. This may point to a little
by means of magneto-optical studies [3]. importance of the renormalization of the Moss-Burstein
The presence of the delocalized hole gas in theshift by localization and hole-hole interactions in the case
modulation-doped QW's is assessed by a step-like shaps their full spin polarization. It is important to note that
of PLE spectra in ther* Faraday polarization, for which the formation of magnetic polarons is possible in DMS
optical transitions involving the majority-spin hole band provided that disorder is sufficiently strong [10]. The
are probed in DMS [3,7]. This is illustrated in Fig. 1, absence of the hole localization indicates, therefore, the
which also shows how the field-induced redistributionhigh quality of the structures.
of the holes between:|3/2) heavy hole subbands, and A thorough examination of the PL as a function of both
the corresponding phase space emptying, leads to the afgmperature and the weak magnetic field has been carried
pearance of thguasfree o~ exciton in the minority-spin  out in a system equipped with copper Helmholtz coils and
band. At the same time, the Moss-Burstein sHfyg ~ a rotary pump that allows one to reduce the temperature
between the energies of the PLE step and the PL maximumf the helium bath down to 1.3 K. Furthermore, in order
in the o* polarization makes it possible to evaluate theto minimize heating of the hole and spin subsystems, the
hole concentratiorp. In the case of the full spin polari- incoming photon energy was smaller than the barrier gap
zation, we observeéEyg = 11 = 2 meV for the wider (direct excitation of the QW) and the laser power was
spacer,L; = 20 nm (samples No. 1 and No. 2), while kept below 50uW per mnt of the illuminated surface.
for Ly = 10 nm (sample No. 3)Eyp = 23 = 2 meV.  As shown in Figs. 2 and 3, the PL splittifg under such
For the bare values of the electron and the heavy holeonditions is not only exceptionally large, but increases
in-plane effective masses,; = 0.1mo andm;, = 0.25my,  in a dramatic way on lowering temperature. Actually,
[9], we obtain p = (1.6 +02) X 10" cm? and in all doped samples, we observe an unusually large
p = (32 *0.2) X 10" cm ™2, respectively, the values value of 0A/0H atT = 2 K, and a zero field splitting
which compare favorably with those expected frombelowT. = 1.8 K. The latter is shown in the right part
of Fig. 2 for samples No. 1 and No. 2; in the case of
sample No. 3, the low energy PL maximum is obscured
LU B~ 5 LT B by substrate lines. The large value @A/0H explains
00e ,_.___.A/\“N\"w also a strong polarization of the hole liquid in very small
> magnetic fields witnessed by the PLE spectra of Fig. 1.
No such effects are visible either in the undoped structure
or in the presence of illumination by white light that
depletes the QW from the carriers. The appearance of
zero-field splitting is preceded by a critical increaseyof
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FIG. 1. PLE spectra for selected values of the magnetic 1660 1665 1660 1665
fields in a modulation-dopeg-type QW of CdgsMnggaTe Energy (meV)

(sample No. 1) at 2 K foro™ (solid lines) ando~ (dotted

lines) circular polarizations. The PL was collected dn" FIG. 2. Photoluminescence intensity in modulation-doped
polarization at energies marked by the narrowest featuresype QW’s of CdgsMnogTe for selected values of the
The sharp maximum and step-like form (denoted by largemagnetic field H at 1.65 K (left panel, sample No. 2) or
arrows in 50 kOe data) correspond to quasifree exciton antemperature atf = 0 (right panel, samples No. 1 and No. 2).
transitions starting at the Fermi level, respectively. Substrat&olid and dotted lines in left panel correspond dd and
lines (denoted by small arrows) are superimposed on data far~ circular polarizations, respectively. Arrows denote values
50 kOe. The band arrangement at 150 Oe is sketched in thesulting from extrapolation té/ — 0 of data in the magnetic
inset. field, presented in Fig. 3(a).
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PEYRRARRRAN .#2 an effective width of the hole layer, which is rglated to
! O # under the hole ground state envelope functigriz) by Ly =

8 165K|[|  iltumination 1/ [dzle(2)]*.

™" Je2.14K]|| O #p=0 According to the data of Fig. 3(b), and in agreement

H—0 with the model, the same values @f are observed in

the presence and the absence of the holes. Additionally,

by fitting the data for the doped sample, we determine

® =T, — Ty, from which we obtainAr = 2.5 = 0.5,

a reasonable value to say the least [4,13]. It is worth

noting that all material parameters conspire to mé&ke

by a factor of about 50 greater for the holes than for the

electrons in a given DMS QW.

1660f,  "m -
0500300 666"0 "1-'-5-"5'-'4"-'50.0 According to the experimental results of Figs. 2 and

Magnetic field (Oe) Temperature (K) 3, spin polarization of the holes is seen to increase
_ ) rather rapidly belowT.. Neglecting renormalization
FIG. 3. (a) EnergyE. of photoluminescence maxima at effects to be discussed below, the splitting of the heavy

o* and o~ circular polarizations (full and empty symbols, . . R .
respectively) as a function of the magnetic field for hole subband at their full spin polarization is twice the

selected temperatures in a modulation-dopetype QW of  Fermi energy in the absence of polarization, which gives
CthorsMnooosTe (sample No. 2). Dotted lines are guides A = 5.7 meV for p =2 X 10'' cm™2 (samples No. 1

for the eye; solid lines denote the assumed initial slope ofand No. 2), a value consistent with the experimental
E. at 2.14 K. (b) Inverse magnetic susceptibility calculated,aglts of Figs. 2 and 3(a). The magnitude of Mn

from d(E- — E,)/dH at H— 0, as given by data in (a) T . '
for p-type QW of CdorsMnoosTe (full circles). Note the Magnetization in the corresponding molecular field [4]

presence of a ferromagnetic transition. Results for empty?” = ﬁP/ZgMBEW =~ 800 Oe, attains only about 5% of
CdyorsMno o4 Te QW’s, where antiferromagnetic interactions its saturation value in our structures. Such an unsaturated

dominate, are shown by empty symbols. Lines are guides foferromagnetic phase is predicted by the model [4], but the
the eye. present experimental results do not rule out completely

other types of spin arrangements, such as occurring in
as shown in Fig. 3(b) for sample No. 2. We determineferrimagnetic or spiral phases. Work is under way aimed
the susceptibility in the limit of vanishing fields as at determining the domain structure and the coercive force

x(T) = (M /3aH) = (gug/la — BD(0A/0H), (1) In this_novel ferromagr)etic system.
where g = 2.0 is the Landé factor of the Mn spins: An important question addressed by our results con-
and 8 ire s—(.l and p-d exchange integrals, respectively cerns mechanisms which could lead to the violation of
whose values are vijlell known for Cd.Mn Té [3,7]. The ' the Mermin-Wagner theorem on the absence of the long-
critical behavior ofy(T) is in contrast to gradual changes range order in two-dimensional systems with Heisenberg

of y(T) associated with the formation of magnetic po_spin-s_pin_interactions .[14]' .We hote, fir_st of all, th‘?“ a
larons [11,12], for which the finite volume involved pre- combination of the spin-orbit coupling with the confine-

cludes the existence of any second-order phase transiti ent and strain effects make the exchange interaction
[10,11]. etween the ground state holes and the Mn spins to be

We interpret our findings as a ferromagnetic phasésmg'.“ke. n DMS QWs, the axis of casy hole spin
transition driven by the free holes, which by means ofpolarlzatlon being perpendicular to the interface [15].

the RKKY mechanism mediate ferromagnetic exchanggoreover’ the de Broglie wavelength of the carriers,

interactions between the Mn spins. This conclusion iag e: dizs7tTa/ rfge T;est\(jvgg’ tﬁenpggzglizlzggggiragainn tB('eW;/er-
strongly supported by the recent theoretlcal model [4].(47”6]\,0/3)_1/3 ~ 1 nm. Accordingly, the first zero’of
According to this model we may writg(T') = C/(T + the RKKY function occurs at a distance much greater than

~ ) ; P . _ :
T, — ), where C is the Curie constant whildy %, so that the ferromagnetic coupling(r) mediated by

0 takes short range antiferromagnetic interactions and #e holes is effectively long range. This indicates, in par-

demagnetization correction into account, b&hand T, i ] . e
determined previously for Gd,Mn, Te [7]. The influence tlgular, that thermodynamic fluctggtlons of magnetization
of delocalized carriers is described Iy which for the Wil strongly be suppressed. Critical exponents for such
case of a two-dimensional hole gas residing in a QW of af case were determm_ed by_ Fisher, Ma, and Nickel [16],
effective thicknesd.,y assumes the form [4] who considered the 'dlmensmnal space and Shovﬁd that
5 o . 5 as long aso < d/2 in the dependencé(r) ~ 1/r¢*7,

© = (C/g"pp)B"Ar(my,/4mh Ly). (2)  the mean-field approach to the long wavelength suscepti-
Here,Ar =1 is a Fermi-liquid parameter describing the bility x(T) is valid, a conclusion not affected presumably
combined effect of disorder and hole-hole correlationsby disorder in the spin distribution. In contrast, the criti-
upon the RKKY interaction [4,13] andy =6.3 nm is  cal exponents [16)) =2 — ¢ andv = 1 /o point to much
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