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Time-resolved Kerr rotation experiments show that two kinds of spin modes exist in diluted magnetic
semiconductor quantum wells: �i� strongly coupled electron-magnetic ion spin excitations and �ii� excitations
of magnetic ion spin subsystem decoupled from electron spins. The coexistence of these two kinds of spin
precession modes cannot be understood in terms of average spins but requires a description, which goes
beyond the mean-field approximation.
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Exchange interaction between spins is responsible for the
collective nature of spin excitations in many solid-state sys-
tems. A good example is given by spin waves in ferromag-
netic and antiferromagnetic materials.1 In diluted magnetic
semiconductors, the exchange interaction couples the itiner-
ant carrier spins with the spins of magnetic impurities, e. g.,
Mn. Usually, the spin splitting of the carriers due to ex-
change interaction is much larger than Mn Zeeman splitting.
However, at very low Mn concentrations �about 0.2%�, reso-
nant conditions can be achieved so that the frequency �e of
the electron spin precession is close to the Mn spin preces-
sion frequency �m. In this case the exchange interaction may
lead to the anticrossing of the spin precession frequencies. In
n-doped CdMnTe quantum wells, the evidence of the strong-
coupling regime has been provided.2 It results in the forma-
tion of two mixed electron-ion spin modes. They are conve-
niently described within the mean-field approximation and
correspond to the collective precession of the average elec-
tron and ion spins either with the same or with opposite
phases �Figs. 1�a� and 1�b��. Their frequencies �� are those
of the two coupled oscillators,

�� =
1

2
��e + �m� �

1

2
���e − �m�2 + 4��/��2, �1�

where � is the interaction energy �Fig. 1�d��. It was shown
that � is proportional to the electron gas spin-polarization
degree.3 Therefore, measuring resonant splitting between the
collective modes provides valuable information on the spin-
susceptibility enhancement in the two-dimensional electron
gas.4

In this Rapid Communication we report on the coexist-
ence of these strongly coupled electron—Mn spin modes and
pure Mn spin excitations decoupled from the electron gas.
The decoupled modes appear in the gap between the collec-

tive modes �Fig. 1�d��. The existence of such decoupled Mn
modes contradicts the commonly assumed mean-field physi-
cal picture and is not predicted by the recently developed
many-body quantum theory of spin excitations in diluted
magnetic semiconductors.3,5

We explain the ensemble of the spin modes in the frame-
work of semiclassical model taking into account individual
precession of N spins of Mn ions. Indeed, among N possible
Mn spin precession modes, only one mode—where all the
Mn spins precess with the same phase—couples strongly to
the electron spins. This results in the formation of mixed
e-Mn modes described by Eq. �1�. In contrast, other N−1 Mn

FIG. 1. �Color online� �a� and �b� Schematic representation of
the mean-field collective spin precession modes and �c� the decou-
pled mode in CdMnTe quantum well. Dashed lines map spatial
profile of the transverse spin component for the magnetic ions. Ar-
rows are the snapshots of the precessing spin vectors of magnetic
ions �long arrows� and electron �short arrows�. �d� Field dependence
of the mode frequencies �� and �m in the resonance region.
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spin precession modes are characterized by zero average spin
and, therefore, they remain pure Mn spin modes decoupled
from the electron spin. The simplest case of a decoupled
mode is illustrated in Fig. 1�c�; two Mn spins placed sym-
metrically with respect to the well center precess with oppo-
site phases, while the electron spin remains at equilibrium.
Thus, coupling with the electron spin lifts the degeneracy of
the Mn spin excitation spectrum and allows for the observa-
tion of the strongly coupled collective modes and pure Mn
spin precession modes decoupled from the electron gas.

The samples that we study are two n-doped CdMnTe
quantum wells with the concentration of magnetic
ions x=0.002 �corresponding to a sheet density
nm=2.4�1013 cm−2�.6 Electron concentrations are
ne=0.7�1011 cm−2 �sample 1� and ne=2.2�1011 cm−2

�sample 2�. This corresponds to zero-field Fermi energies
EF=1.7 and 5.3 meV for the samples 1 and 2, respectively.
The well width is w=100 Å. The samples are placed in the
cryostat at T=2 K under magnetic field B�6 T in the plane
of the sample �along z axis�.

The spin excitations are identified using all-optical spin-
resonance technique.7 The laser pulses of �1.5 ps are tuned
to the heavy-hole exciton transition at 764 nm and split into
pump �200 �W� and probe �100 �W� pulses. Both beams
are focused on the 200-�m-diameter spot on the surface of
the sample. The pump-induced rotation of the linear polar-
ization of the reflected probe �Kerr rotation� is measured as a
function of delay between pump and probe pulses. Kerr ro-
tation angle is proportional to the projection on the direction
of the light of the total spin polarization created by the pump.

Prior to the excitation the magnetic ions and electrons are
strongly spin polarized in the z direction. A circularly polar-
ized pump pulse creates, in the quantum well, about
1010 cm−2 electrons and holes in the ground state. Their
spins are polarized normal to the plane. This provides the
initial fast rise of the signal. Because the heavy-hole g factor
is vanishing in the direction perpendicular to the quantum-
well axis, the hole spin does not precess. Its direct contribu-
tion to the Kerr signal decays during a short time �h�5 ps
and will not be important in the following. But the effective
magnetic field created by the holes coherently rotates the
spins of the magnetic ions away from the z direction.8 This
initiates the precession of the Mn spins around the total mag-
netic field created by the carriers and the external field. The
electron spin is also expected to precess around the field
created by the Mn spins and the external field.

Figure 2 shows the Kerr rotation signal measured at
B=6 T, close to �e=�m, for the sample 1 �Fig. 2�a�� and the
corresponding Fourier spectrum �Fig. 2�b��.9 One can see
that this signal contains three components. Two of them have
similar amplitudes and relaxation times of about 30 ps but
slightly different frequencies. These are the collective spin
precession modes discussed in Refs. 2 and 3; their frequen-
cies �� are given by Eq. �1�. The third mode is related to the
Mn spin excitations decoupled from the electron gas. Al-
though about 15 times weaker than the collective modes, the
third mode is unambiguously identified at resonance mag-
netic field �B=6 T� because it decays 60 times slower than
the collective modes.

Figure 3�a� shows the precession frequencies measured as

a function of the magnetic field. At low fields the electron-
type mode frequency �+ is mainly determined by the Mn
spin polarization Jz, which is described by the Brillouin func-
tion for the Mn spin value J=5 /2. At higher fields the mag-
netization saturates, �+ reaches its maximum, and then de-
creases due to Zeeman effect. The fraction of the magnetic
impurities x=0.002 and the Mn spin temperature TMn
=3.8 K can be accurately determined from this dependence.
The frequency �− of the Mn-type mode increases linearly
with the field and the resonance �e=�m is reached near B
=6 T. The resonance region is plotted in details in Fig. 3�b�
�frequencies� and Fig. 3�c� �decay times�. One can see a clear
anticrossing of the two modes �� and a rapid variation of
their decay times. Indeed at B=5.7 T the decay times of
Mn-type and electron-type modes differ by an order of mag-
nitude; at resonance field B�6 T the corresponding decay
times become equal. This behavior is easily understood in
terms of two coupled modes with very different dampings.

The third mode frequency emerges in the gap between the
two collective modes �Fig. 3�. Its field dependence �tri-

FIG. 2. �Color online� Time-resolved Kerr rotation at B=6 T
for �a� the sample 1 and �b� the corresponding Fourier spectrum
�Ref. 9�. Inset: Zoom on the first 200 ps. Points show the data and
the line is the fit with three damped cosines.

FIG. 3. �Color online� �a� Spin precession frequencies and �b�
decay times extracted from Kerr rotation measurements under mag-
netic field B=5.7–6.1 T �sample 1�. Symbols show the experimen-
tal data and solid lines are the best fit obtained for the collective
modes using Eqs. �1� and �8�. Dashed lines show Mn spin excita-
tions decoupled from electrons.
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angles� is linear and is given by Mn g factor gm=2.02.10,11 It
has the longest relaxation time, which exceeds the accessible
delays in our setup, but estimated to be about 2 ns. Thus,
some excitations of the magnetic ion spins appear to be de-
coupled from the electrons.

In order to explain the origin of the decoupled Mn spin
mode, we must remember that Mn spin dynamics is not fully
reduced to the precession of the average spin, in contrast to
usual assumption. We develop a simple model where the
individual Mn spins may precess with different phases. The
assumptions of the model are listed below. First of all, we
consider spin excitations, which are homogeneous in the
plane of the sample, so that the spins of the ions lying in the
same crystallographic plane are identical. For simplicity, the
distribution of Mn ions across the sample is supposed to be
homogeneous. Following other authors,3,12 we neglect the
effect of the random impurity potential on the electron wave
functions and limit the consideration to the lowest quantiza-
tion level in the quantum well. The corresponding electron
wave function is 	�x ,r�=
�x�exp�ikr� /�A, where 
�x� is
the electron wave function in the quantization direction, A is
the sample area, and k and r are wave vector and coordinate
of the electron in the plane of the structure, respectively.

Under these conditions the dynamics of the average elec-
tron spin S and the spins of the magnetic ions Jk is given by
the system of the Bloch equations,

dS

dt
= −

ge�B

�
�S � B� +

�

�
�

k

�	�Rk��2�S � Jk� , �2�

dJk

dt
= −

gm�B

�
�Jk � B� −

�ne

2�Rk�
�

�S � Jk� . �3�

Here ge=−1.5 is the electron g factor13 and �B is the Bohr
magneton. The last terms in Eqs. �2� and �3� account for the
exchange interaction of the ferromagnetic type between the
electrons and Mn spins ��=1.5�10−23 eV /cm3�. Vectors Rk
denote the positions of the ions.

The experimentally detected nonequilibrium transverse
spin components are small with respect to the equilibrium
spin values Sz and Jz. Therefore, Eqs. �2� and �3� can be
linearized. Taking into account the in-plane homogeneity of
the problem, we can limit the number of Eq. �3� to the num-
ber of crystallographic planes in the quantum well. Then, for
the nonequilibrium �transverse� spin components of the elec-
tron S� and the ions J�,n, the linearized Bloch equations
read

dS�

dt
= − �S� � �e� +

�

Jz
�J� � Sz� , �4�

dJ�,n

dt
= − �J�,n � �m� −

K

Sz
w
n

2�J�,n � Sz�

+
K

Sz
w
n

2�S� � Jz� , �5�

where 
n denotes the value of 
�x� in the nth crystallo-
graphic plane. J�	�w /N��n=1

N 
n
2J�,n is the average spin of

the ions—weighted by the probability to find an electron in

the nth layer. The first term in the right-hand part of Eq. �4�
describes the precession of the transverse component of the
electron spin in an effective field. This field is a combination
of the external field B and exchange field created by the
equilibrium component of the ion spins. The precession
frequency is given by �e=ge�BB /�+�Jz /Jz, with
�=−�nmJz /�w. In Eq. �5�, the first two terms are the preces-
sion of the transverse component of the Mn spins in the
external field with the frequency �m=gm�BB /� and in the
weak exchange field created by the electrons and propor-
tional to K=−�neSz /w�
�. The last terms in Eqs. �4� and
�5� describe the interaction between nonequilibrium compo-
nents of electron and ion spins.

The above equations describe the system of coupled os-
cillators and can be solved exactly.14 However, it is instruc-
tive to make an additional approximation and neglect the
precession of Mn spins in the static exchange field created by
the electrons. This is justified since this field is about 1000
times weaker than the external field. Thus, Eq. �5� becomes

dJ�,n

dt
= − �J�,n � �m� +

K

Sz
w
n

2�S� � Jz� . �6�

Equations �4� and �6� describe N+1 modes. Two of these
modes correspond to the collective motion of spins J� and
S� with the frequencies �� given by Eq. �1� with �e=�e,
�m=�m, �2=�K�, and �=w
0

w
4�x�dx.15 These are the col-
lective modes discussed in Refs. 2 and 3. The other N−1
modes satisfy the conditions

J� 	 �w/N��
n=1

N


n
2J�,n = 0, S� = 0. �7�

They are degenerate and correspond to the Mn spin preces-
sion at frequency �m. In each of the N−1 mode, the distri-
bution of the transverse Mn spin components across the
quantum well J�,n is orthogonal to the distribution of elec-
tron density 
n

2. Therefore, the total exchange field that they
create on electrons is zero and average electron spin does not
precess. Thus, an arbitrary spin excitation is a combination
of two mean-field collective modes with eigenfrequencies
�� and N−1 pure modes where magnetic ions precess at
frequency �m. It should be noted that in asymmetric quan-
tum wells, the pure modes can be optically excited and de-
tected via valence-band states because the symmetry of the
hole wave function is different from the electron one in such
structures.

Let us now address the relaxation of these modes. The
relaxation of the decoupled modes is hidden in the small
term that we neglected in the right part of the Eq. �5�. Solv-
ing the full system of Eqs. �4� and �5� one can see that it is
responsible for the lifting of the degeneracy of the N−1 de-
coupled modes and, thus, leads to the broadening of the cor-
responding spin resonance ���K. The corresponding
dephasing time yields �m�1 /K. In contrast, the collective
modes do not decay in the framework of the above model
because the rapid relaxation of the electron spin was omitted.
Therefore, electron spin relaxation should be taken into ac-
count. This can be done phenomenologically by introducing
in the right part of Eq. �4� an additional term −S� /�e, where
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�e is the electron spin relaxation time far from resonance.
This term affects neither the frequencies nor the damping of
the decoupled modes. The two collective modes �� are
again given by Eq. �1� with

�e = �e + i/�e, �m = �m. �8�

Their relaxation times result from the imaginary part of the
complex frequencies and at resonance are both equal to 2�e.
The gap between the collective modes is reduced by the elec-
tron spin relaxation so that 2�=2��K�− �1 /2�e�2.

The predictions of our simple model meet perfectly the
experimental results. For the collective modes, frequencies
and decay times calculated using Eqs. �1� and �8� are shown
in Fig. 3 by solid lines. The spin-polarization degree of the
electron gas �P=50% in sample 1�, which determines the
value of K=0.34 �eV, is the only fitting parameter in this
calculation. The electron spin decay time out of resonance
�e=15 ps, as well as the electron exchange splitting
�=1.2 meV as a function of the magnetic field, are directly
extracted from the Kerr rotation measurements. At resonance
we get the splitting between the collective modes
2�=30 �eV. The anticrossing energy appears to be substan-
tially reduced by the electron spin resonance broadening ne-
glected in the previous works.2,3 Note also that the values of
�e measured far from resonance are substantially shorter than
the theoretical predictions �e�100 ps.12 We suggest that it is
mainly due to electron spin dephasing governed by the fluc-
tuations of the exchange field created by the ions. The deter-

mination of the characteristic length scale at which the elec-
trons probe these fluctuations is beyond the scope of
this work and requires further theoretical work. For the de-
coupled modes the estimation of the dephasing time using
�m�1 /K gives about 1 ns. This is consistent with the experi-
mental data �dashed line in Fig. 3�c��, while it is much
shorter than any homogeneous relaxation time.16

For the sample 2 we measure �=1.2 meV, �e=20 ps,
2�=20 �eV, and �m�1 ns, which yields K=0.2 �eV and
P=10%. In both samples the spin polarization of electron
gas is enhanced with respect to that of noninteracting elec-
trons �P=25% �7%� in the sample 1 �2��.4 Thus, measuring
the spin excitation spectrum in diluted magnetic quantum
wells appears to be an excellent tool to explore the funda-
mental properties of spin-polarized electron gas.

In conclusion, we have shown that in the system of local-
ized spins interacting with the two-dimensional electron gas,
strongly coupled collective spin excitations coexist with the
excitations of the localized spins, which are decoupled from
the electron spin. This experimental fact cannot be explained
in the mean-field approximation. We interpret the ensemble
of our experimental observations in the framework of the
simple semiclassical model taking into account the preces-
sion of the localized spins individually.
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