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Collective Character of Spin Excitations in a System of Mn?* Spins Coupled
to a Two-Dimensional Electron Gas
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We have studied the low energy spin excitations in n-type CdMnTe based dilute magnetic semi-
conductor quantum wells. For magnetic fields for which the energies for the excitation of free carriers
and Mn spins are almost identical, an anomalously large Knight shift is observed. Our findings suggest
the existence of a magnetic-field-induced ferromagnetic order in these structures, which is in agreement
with recent theoretical predictions [J. Konig and A. H. MacDonald, Phys. Rev. Lett. 91, 077202 (2003)].
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Although the existence of a ferromagnetic phase in
diluted magnetic semiconductors (DMS) is experimen-
tally well established [1-3], the physical origin of this
phenomenon is far from being well understood [4,5]. The
RKKY approach [6], which successfully explains the fer-
romagnetism observed in magnetic metals, cannot easily
be applied to the case of magnetic semiconductors, which
are typically composed of a dilute subsystem of localized
magnetic spins and an even more dilute gas of free
carriers. On the other hand, the early Zener model [7] of
ferromagnetism driven by the exchange interaction be-
tween free carriers and localized magnetic moments
provides a rough estimate of the observed critical ferro-
magnetic temperatures in DMS materials [4]. The Zener
model nevertheless neglects important effects related to
the character of the ferromagnetic order in these systems,
possibly mediated by the itinerant nature of the free
carriers spins [5]. This suggests that diluted magnetic
semiconductors show a new class of ferromagnetism,
which, however, remains to be experimentally verified.

In this Letter, we report on the investigations of spin
excitations in a model DMS structure, namely, very
diluted Mn?" ions coupled to an electron gas, both of
which are confined in a CdMnTe quantum well structure.
Our key experimental results rely on an accurate and local
probing of Mn?* spin excitations using the electron para-
magnetic resonance (EPR) technique. At low magnetic
fields (B <4 T) and sufficiently high temperatures (T ~
4.2 K), the investigated structure shows all the attributes
of a system composed of two paramagnetic subsystems:
localized Mn?" ions and an electron gas, coupled via the
s — d exchange interaction. The main experimental find-
ing reported here is the change in the line shape and the
giant shift of the Mn?" resonance observed under specific
conditions when the spin polarization of free carriers is
induced by the application of the high magnetic field and
when, at the same time, the energies of the mean field spin
excitations of electrons and Mn?" spins are comparable.
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This finding can be considered as a positive test for the
recent theory of ferromagnetism in DMS materials [5].
The observed changes in the spin resonance spectrum
indicate the formation of two macroscopic moments char-
acteristic for each spin subsystem, which are efficiently
coupled via their transverse components. Although the
expected zero-field ferromagnetic critical temperature for
the investigated n-type structures is expected to be very
low (= 5 mK) [8], our data suggest the appearance of
ferromagnetic order in these systems when the spin po-
larization is forced by the application of a magnetic field.

The two samples A and B used for the investigations
were 10 nm-thick CdMnTe/CdMgTe single quantum well
structures with a modulation doping on one side of the
quantum well (QW). Both samples have been character-
ized by conventional magnetoluminescence measure-
ments, whereas sample B has also been intensively
studied with magnetotransport [9]. In sample A, the esti-
mated electron sheet density is 7, = 1 X 10'! cm™2 (cor-
responding 3D concentration 7P ~ 1 X 10'7 cm™3), and
an effective Mn>" concentration in the QW x.;=~0.2%
(3D =310 cm™3%). The parameters of sample B are
more precisely determined: n, = 5.95 X 10'! cm™2,
(n3P =6 X 107 cm™3), mobility w = 60000 cm?/V's,
and xerp = 0.3% (30 =~ 4.4 X 10" cm™3).

The spin excitations have been probed using Raman
scattering and resistively detected multifrequency EPR.
Raman scattering allows one to probe the spin-flip tran-
sitions of both band electrons and Mn?* ions but can be
easily applied only for samples with low electron con-
centrations, which show sharp (excitonlike) absorption
lines and therefore a large resonant enhancement of the
scattering signal. Traditional EPR techniques give a
higher resolution, but are difficult to apply in our case
due to the small number of spins. Here we locally probe
the Mn>* EPR in CdMnTe quantum wells via detect-
ing the microwave-induced changes in the longitudinal
resistance using microwave sources [operating at 95 and
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230 GHz (Gunn diodes) and in the range of 64-95 GHz
(carcinotrons)].

In a first approach, we consider the system to be com-
posed of two paramagnetic subsystems: two-dimensional
conduction electrons with extended wave functions and
localized 3d° states of Mn?" ions, which interact via the
s — d exchange interaction. Reasoning in terms of the
conventional mean field approximation, we expect
the energies of spin excitations for electrons E5 and
Mn?" ions Ey;, to be ES = EZ + Ag and E,, = E4, +
K, where, correspondingly for electrons and Mn?* ions,
EZ and E%;, are the energies in the absence of the s — d
exchange interaction, whereas Ap and Ky denote the
mean field exchange terms. We consider only the relevant
spin excitations with |Amg| =1 (mg is the quantum
number associated with the projection of the spin along
the external magnetic field direction) and in a first ap-
proximation assume that EZ and E%, are given by the
usual Zeeman terms: EZ = g, upB and E{, = gvniB
(throughout this Letter we take g, = —1.64 and gy, =
2.007 for the electronic and Mn?* g factors, respectively
[10,11]). Including the mean field s — d exchange, the
characteristic spin excitations of our system can be ex-
pressed as follows:

Eg = Eg + AE = gelu'BB + Jsdnl%/ﬁgo-lz\/ln’ (1)

ES, = Efy + Ki = guppB + JuniPios. (2

Here 1 0% and 30§, denote mean values of the S, spin
components, correspondingly, for electrons (with spin
S = 1/2) and Mn?* ions (with spin § = 5/2), and J,, is
the exchange constant. oy, and o? should be identified
with the normalized (to unity) spin polarization of Mn?*
ions and electrons, respectively. Rewriting the above
equations in the following form:

A
Eg = gEIL’LB<B + g : )Z gelU“B(B + AB): (3)
e™B

K
£ )= gmis(B+ Kp), (4

Ey, = &M MB<B +
Mo " SVinB

there is an evident analogy between the physics of
DMS materials and that of nuclear spins in metals
coupled to the electrons spins via the hyperfine interac-
tion. Whereas the Overhauser shift, Az (energy, Ap) is
expected to be significant in our structures (AR =
Jsdnﬁ,ﬁ%~ 1.5 meV), the Knight shift Kz (energy, Kg)
is much more subtle: KT /Amax = ;3D /5,30 © 5o that
Kp» = JoqniP 5~ 1-4 peV.

An overview of the relevant spin excitations for the
investigated system can be obtained from Raman scatter-
ing spectra. The measured energies of the excitations,
which can be easily identified with the spin-flip transi-
tions for electrons and Mn?* ions, are shown in Fig. 1.
The solid line represents the ES versus B dependence
according to Eq. (1) assuming that the spin polarization
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of Mn?" is given by the modified Brillouin function:
i = Bsja(gvnipB/ k(T + Ty)), with two adjustable pa-
rameters: the saturated value of the exchange term
AP = Jnip3=125meV and T, =0.12K which
phenomenologically accounts for the small antiferromag-
netic correction for the Mn?>" ensemble. Note that the
signs of the electron g factor and the exchange constant in
CdMnTe are such that the effective electron spin splitting
results from the competition between the intrinsic
Zeeman term and the s — d exchange contribution (we
use the convention that EZ < 0 and A > 0). The dashed
line in Fig. 1 is the predicted linear variation of the Mn>*
spin excitations when neglecting the small Knight shift
and possible subtle corrections to the Mn?>* spin
Hamiltonian related to hyperfine interaction and/or crys-
tal field effects. This simple model satisfactorily repro-
duces the observed spin excitation energies except in the
region around ~5 T where E5 ~ EY; in sample A. A clear
indication of the avoided crossing of electron and Mn?*
spin excitation with the characteristic repulsion energy
26 = 0.08 meV is observed (see inset in Fig. 1). This will
be further elucidated using the more precise EPR spec-
troscopic tool.

Sample B, chosen for the resistively detected EPR
measurements, shows typical magnetotransport proper-
ties for a 2DEG [see Fig. 2(a)]. The resonant change in
the longitudinal resistance induced by microwave
illumination and identified with the Mn?>* EPR signal
has been measured at magnetic fields B ~ 2.4, 2.7, 3.5,
and 8.1 T (correspondingly, in the vicinity of filling
factors » = 10, 9, 7, and 3). The measurements around
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FIG. 1. Raman shift for the spin-flip transitions for electrons

and Mn?* ions for sample A. The expected behavior for non-
interacting subsystems calculated as described in the text is
indicated by the solid and dashed lines. The inset shows the
Raman spectra (every 0.1 T) in the region of the avoided
crossing. The shaded regions are a guide to the eye.
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B ~ 8.1 T correspond to the case when the energy of the
spin excitations of the ES and EY;, subsystems are ex-
pected to be almost identical in sample B. An example of
the measured resonant increase of the R, around 8.1 T
(v ~ 3) is illustrated in Fig. 2(b). In order to calibrate
exactly the magnetic field value, a small amount of a
g-factor marker diphenyl-picryl-hydrazyl (DPPH) with
g = 2.0036 is placed close to the sample and its EPR
spectrum is simultaneously measured using a carbon
bolometer mounted below the sample. Typical EPR spec-
tra obtained by subtracting the resistance measured with
and without microwave illumination (AR,,) when using
95 and 230 GHz microwave sources are shown in
Figs. 2(c) and 2(d) for two different temperatures.

The spectrum measured at 95 GHz and 4.2 K can be
recognized as the typical signal of paramagnetic Mn?*
ions. It shows six relatively well pronounced components
which result from the hyperfine interaction between the
spin of the Mn 3d° electrons and the Mn nuclear spin (I =
5/2). The estimated hyperfine splitting (constant) is 52 G
(Ayvn = 49 X 107% cm™1). The smaller signal on the low
field side of the main spectrum (which characteristically
vanishes at lower temperatures) is due to the fine splitting
which results from crystal field effects related to the
strain present in the quantum well. The estimated value
of the fine constant is D = 47 X 10~* cm™!. The ampli-
tude and shape of the resonance measured at low mag-
netic fields depends strongly on temperature in the range
between 4.2 and 2 K [see Fig. 2(c)]. At T=2K, as
expected only the main fine component is observed but
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FIG. 2. (a) Longitudinal resistance R,, as a function of mag-
netic field. (b) R,, with and without 230 GHz microwave
illumination. (c),(d) Typical resistively detected EPR spectra.
The EPR spectra of the DPPH g-factor marker is shown for
comparison.
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surprisingly enough the amplitudes of the hyperfine sat-
ellites are significantly modified and/or the spectrum
shape is significantly changed. This unusual spectral
shape at 7= 2 K either results from the effect of dy-
namical nuclear polarization or already indicates that the
measured resonance can no longer be attributed to simple
paramagnetic Mn?" centers.

The EPR spectra measured at 230 GHz around B =
8 T are distinctly different [Fig. 2(d)]. No trace of hyper-
fine splitting is found. Instead, the spectrum represents a
symmetric, relatively narrow single line. Remarkably, the
position of this line is shifted far from the value expected
from a simple linear extrapolation. This can clearly be
seen in the raw data from the respective positions of Mn?*
and DPPH resonances measured at 95 and 230 GHz
shown in Figs. 2(c) and 2(d) and is more clearly illus-
trated in Fig. 3, where the difference between the mea-
sured resonance energies (magnetic field position) and
those given by EY;, = gymmpB — 4D as expected for
the low temperature paramagnetic Mn>* resonance are
plotted for the data obtained at 2 K at different magnetic
fields. While the above formula correctly reproduces the
resonance position at low fields, a very large shift of the
resonance (~ 1100 G) towards lower fields can be de-
duced for the 230 GHz spectra. As shown in Fig. 2(d)
and Fig. 3, the 230 GHz-resonance position is remarkably
sensitive to temperature. A shift of ~300G is observed
when the temperature is increased from 2 to 4.2 K. The
observed change in the resonance position cannot be
simply related to a conventional Knight shift. The satu-
rated value of the Overhauser shift in this sample has been
precisely determined from the low field transport mea-
surements (AR =1.65meV) [9]. Thus, the expected am-
plitudes of Knight shift are Ky = AT (nP /510 )0 =
4.50% [ueV], where the maximum electron spin polar-
ization can be estimated from Landau level filling factors
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FIG. 3. (a) Measured shift of the Mn** EPR line from the

expected behavior. (b) Temperature dependence of the large
shift observed close to filling factor » = 3.
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0% = 1/v (for odd filling factors). Therefore, around B = 1.0 —— M L M

8 T (where v ~ 3): K = 1.5 peV (or Kz = 130 G) and L sl (a) (b)
for the case of experiments at low magnetic fields (where ' £

v =7): Kg = 0.7 ueV (or Kz = 40 G). As can be seen in -1.0r 230GH

Fig. 3, in the range of low magnetic fields the measured [05¢ E

resonance positions are consistent with the expected

Knight shift but this conventional effect is clearly unable
to account for either the observed position of the 230 GHz
resonance or its temperature dependence.
Phenomenologically, the position of the 230 GHz reso-
nance can be explained by taking into account the effect
of the interaction between the mean field ES and EY,, spin
excitations of the 2D electron and the Mn?" ensembles,
respectively. To simulate such an effect, already indi-
cated by our Raman scattering data for sample A, we
introduce the coupling between E5 and Ey,. excitations
using a simple perturbation approach and obtain: E* =

3 (ES + Eyy,) * %\/(Ef — EY,)? +48% for the new

coupled modes (26 is the characteristic repulsion energy).
The expected E* energies for sample B are shown in
Fig. 4(a), using a value of 6 = 0.03 meV for the adjust-
able interaction parameter. To derive the unperturbed
modes, we have neglected the small Knight shift correc-
tions assuming Ey; = gvnipB — 4D and ES given by
Eq. (1) with the Mn?" polarization described by a
Brillouin function and the relevant parameters obtained
for this sample from low field transport measurements
(AF*™ = 1.65 meV, Ty = 0.18 K). Reasoning in terms of
the mean field approach, we would expect the 230 GHz
resonance to occur at a magnetic field just after the
supposed crossing point of the ES and Ey;, energies.
However, the effective resonating branch at 230 GHz
turns out to be the E* coupled mode. As emphasized in
Fig. 4, our simple model explains the actual resonance
position and also accounts for the temperature depen-
dence (with increasing temperature, the crossing point
for ES and EY, excitations shifts towards lower fields).
The correspondence with the experimental data is good.
The predicted resonance position is about 1 kG from the
extrapolated value from the low field data and the tem-
perature driven shift is of about 400 G in the range
between 2 to 4.2 K.

In reference to the theory of ferromagnetic resonance,
we consider the possibility that, when a spin polarization
of Mn?* and 2D electrons subsystems is induced by
magnetic fields, each spin subsystem may constitute a
collective (macroscopic) magnetic moment. Such collec-
tive modes are expected to efficiently interact via the
transverse components, leading to mode repulsion with
a characteristic interaction energy (AzKg)'/? [8]. For
sample B, we have determined Ap = 1.65 meV from
low field transport [9] and deduce that Kz < 1.5 ueV,
the equality occurring for the case where we have an
ideal spin polarization of the 2DEG at » =3.
Therefore, in the upper limit (AzKz)'/2 = 0.05 meV,
which is in fair agreement with the experimentally found
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FIG. 4. (a) Predicted spin excitations using the phenomeno-
logical perturbation model as described in the text
(b) Expanded view of the avoided crossing region.

interaction parameter 6 = 0.03 meV. Correspondingly,
for sample Awith lower electron concentration, for which
the 2DEG is very likely fully polarized at the (anti)cross-
ing point (B=6T, v=0.7), we expect (AzKg)'/? =
0.03 meV and measure 6 = 0.04 meV (see Fig. 1).

In summary, we have investigated a very diluted mag-
netic semiconductor system of Mn>" ions coupled to a
2DEG in CdMnTe quantum well structures. The observed
avoided crossing of the Mn?* and the electron spin ex-
citations is in agreement with recent theoretical predic-
tions [8] and is a signature of the collective character of
the spin excitations in DMS with free carriers.
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