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Resonantly enhanced spin-lattice relaxation of Mn2+ ions in diluted magnetic
(Zn,Mn)Se/(Zn,Be)Se quantum wells
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The dynamics of spin-lattice relaxation in the magnetic Mn2+ ion system of (Zn,Mn)Se/(Zn,Be)Se quantum-
well structures are studied using optical methods. Pronounced cusps are found in the giant Zeeman shift of
the quantum-well exciton photoluminescence at specific magnetic fields below 10 T, when the Mn spin system
is heated by photogenerated carriers. The spin-lattice relaxation time of the Mn ions is resonantly accelerated
at the cusp magnetic fields. Our theoretical analysis demonstrates that a cusp occurs at a spin-level mixing of
single Mn2+ ions and a quick-relaxing cluster of nearest-neighbor Mn ions, which can be described as intrinsic
cross-relaxation resonance within the Mn spin system.
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I. INTRODUCTION

Semiconductor nanostructures with randomly distributed
magnetic ions show highly promising spin-electronic func-
tionalities with regard to collective spin ordering [1–4].
In that context, diluted magnetic semiconductors (DMSs)
with their great potential of efficient spin injection and
magnetization manipulation by optical methods are treated
nowadays as model materials for spin-electronics [5–11]. The
optical, electronic, and magnetic properties of DMSs and their
heterostructures are determined by three coupled systems:
magnetic ions, carriers (electrons and holes), and phonons.
The spin and energy transfer between them leads to a great
variety in the spin dynamics of carriers and magnetic ions,
whose concentrations mainly modify the dynamics [12]. In,
for instance, II-VI structures doped with Mn2+ ions, the
carrier spin relaxation falls in the subpicosecond range, the
formation of magnetic polarons occurs during 50–200 ps,
and the spin-lattice relaxation of the Mn ions covers the
temporal range from nano- to milliseconds [13–16]. However,
the picture of the involved mechanisms is far from complete.

The spin-lattice relaxation (SLR) of single Mn2+ ions is
limited, as they only weakly interact with the lattice [17,18],
while in Mn spin clusters the SLR is very efficient [19]. The
ensemble of Mn ions in a nonequilibrium magnetic state can
relax to their equilibrium state via the clusters by transferring
spin and energy to them. In II-VI DMSs, the Mn spins in
clusters are coupled antiferromagnetically, and Mn ion pairs,
in particular, have zero magnetic moment in the singlet ground
state [20]. Therefore, the paramagnetic single Mn ions mainly
contribute to the magneto-optical effects in DMSs, while the
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Mn clusters control the spin dynamics. Phenomenologically,
these aspects explain the strong dependence of the SLR time
on the concentration of the Mn ions. But, the underlying
mechanisms need to be clarified to extend the general theory
of magnetization relaxation as well as to enhance the practical
usage of DMSs. Besides perspectives for DMS materials,
details on the magnetization transfer from paramagnetic
centers to quick-relaxing centers concerning the spin-diffusion
mechanism of the SLR are also relevant for the paramagnetic
relaxation theory.

In this article, we demonstrate the resonantly enhanced
spin transfer between single Mn ions and Mn clusters in
(Zn,Mn)Se/(Zn,Be)Se quantum wells (QWs) by optically
controlling the Mn spin temperature. The giant Zeeman shift
of the exciton photoluminescence energy significantly deviates
from the modified Brillouin function at specific magnetic fields
below 10 T. The differences correspond to reductions in the
spin temperature of the Mn spin system that needs to be heated
by, e.g., photocarriers and originate from the fastening of
the magnetization relaxation, which is evidenced by pump-
probe measurements of the spin-lattice relaxation time. In our
theoretical model, the spin-lattice relaxation is accelerated at
certain magnetic fields due to the mixing between spin levels
of single Mn2+ ions and quick-relaxing pairs of primarily
nearest-neighbor Mn2+ ions. At these intrinsic cross-relaxation
resonances, spin is transferred highly efficiently from the
ensemble of single Mn ions to Mn clusters without any energy
exchange with the phonon bath.

II. EXPERIMENTAL DETAILS

We have studied four Zn1−xMnxSe/Zn0.94Be0.06Se QW
structures with x = 0.004 (no. 1), 0.012 (no. 2), 0.020 (no. 3),
and 0.035 (no. 4) and type-I band alignment. The samples were
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grown by molecular-beam epitaxy on (100)-oriented GaAs
substrates. Samples no. 1 and no. 2 contain five 10-nm-thick
(Zn,Mn)Se QWs separated by 20-nm-thick (Zn,Be)Se barriers,
while the two other samples have a single QW. All samples are
nominally undoped; hence, the background carrier densities
in the QWs are considerably less than 1010 cm−2. The
conclusions on the Mn spin properties studied for the QW
structures can also be drawn for bulk samples and quantum
dots, while in QW structures higher carrier densities as well
as spatially more homogeneous carrier distributions can be
achieved by optical excitation.

The samples were studied by stationary and time-resolved
photoluminescence (PL). They were immersed in pumped
liquid helium at a temperature of T = 1.8 K and exposed
to magnetic fields B up to 10 T that were applied in Faraday
geometry parallel to the structure growth z axis. For the exci-
tation of the stationary PL, a semiconductor laser with 3.06 eV
photon energy in continuous-wave (CW) mode was used. The
time-integrated PL with high spectral resolution was measured
with a liquid-nitrogen-cooled charge-coupled-device (CCD)
camera combined with a triple-monochromator [21]. The
dynamics of the Mn spin system were measured using a pump-
probe technique [22]. The sample was excited by 5 ns pump
pulses (3.49 eV), while changes in the Mn spin temperature
were measured by the energy shift of the exciton PL line
probed by weak laser pulses of the semiconductor laser whose
durations were adjusted to a few tens of microseconds [23]. A
gated CCD camera with a time resolution of 2 ns, connected
to a 0.5 m monochromator, was used for time-resolved PL
detection.

III. CUSP DETECTION VIA STATIONARY AND
TIME-RESOLVED PHOTOLUMINESCENCE

The QW PL of sample no. 2 is shown in the inset of
Fig. 1(a). The exciton (X) PL measured at B = 0 and 4 T
differs strongly in energy due to the giant Zeeman splitting.
The main panel shows the magnetic-field dependence of the
exciton PL peak energy, EX(B), for three excitation densities.
The overall trend of the decreasing EX with increasing field can
be described by the well-known modified Brillouin function:
EX ∝ xSeff(x) B5/2{ 5gMnμBB

2kB[T0(x)+TMn] }. The g factor of the Mn2+

ion with spin 5/2 is given by gMn = 2.0, μB is the Bohr
magneton, and kB is the Boltzmann constant [24]. T0(x) > 0
is the effective paramagnetic Curie temperature, and Seff(x) is
the effective Mn spin; both are used for a phenomenological
description of the antiferromagnetic exchange interaction
between neighboring Mn ions. From the fit of the data points
(black circles) measured at a low laser density of 6 mW/cm2,
where the Mn spin temperature TMn can be set equal to the
helium bath temperature, T0 = 0.92 K and Seff = 2.14 are
assessed for sample no. 2 with x = 0.012. By fixing these
parameters, the Mn spin temperature at a high pump power is
evaluated from the fitting of the EX(B) dependence.

As one can see in Fig. 1(a), EX(B) increases for high
excitation power densities; TMn rises to 2.8 K for P = 0.7
W/cm2, and to 7.9 K for 8.8 W/cm2. Here, the Mn spin
temperature is controlled by the balance between the heating
of the Mn spin system via hot photocarriers and its cooling
through the SLR. A surprising and remarkable observation is

FIG. 1. (a) Giant Zeeman shift of the exciton PL energy for
sample no. 2 measured at different CW excitation powers 6 mW/cm2

(TMn = 1.8 K), 0.7 W/cm2 (2.8 K), and 8.8 W/cm2 (7.9 K); T =
1.8 K. The cusp positions are marked by arrows. Inset: normalized
PL spectra for B = 0 and 4 T; P = 0.7 W/cm2. (b) Difference of the
exciton energies, EX(TMn) − EX(1.8 K), for P = 0.7 and 8.8 W/cm2

shown by blue and orange, respectively.

that, for the heated Mn spin system, the exciton PL energy is
significantly reduced at specific magnetic fields: 2.09, 2.58,
3.32, 4.88, 6.02, and 9.19 T. These cusps, which highlight
strong deviations from the modified Brillouin function be-
havior [see the green solid curve in Fig. 1(a)], are more
pronounced in Fig. 1(b), where the field dependences of the
energy differences �EX = EX(TMn) − EX(1.8 K) are shown.
The strongest change in �EX is observed at 3.32 T, where
the cusp amplitude Acusp = |δE(3.32 T)| = |�EX(3.32 T) −
�EX(3.0 T)| reaches 0.8 meV at 8.8 W/cm2. The giant redshift
of the exciton PL line at this magnetic field is reduced due to
the heating of the Mn spin temperature to 7.9 K under the
8.8 W/cm2 excitation. Accordingly, the value of 0.8 meV
corresponds to a restoration of the Mn spin temperature by
about 0.8 K.

The excitation density dependence of Acusp is shown by the
black circles in Fig. 2(a). For weak CW laser power densities
below 0.2 W/cm2, the amplitude is considerably small
(<0.1 meV). It reaches a maximum value of 0.8 meV at
8.8 W/cm2, and for higher excitation densities the cusp
becomes more shallow. The cusp is only observed when the
Mn spin temperature TMn is larger than the lattice temperature
T , i.e., when through the optically excited carriers the Mn spin
system is heated above the phonon bath temperature; see the
triangles in Fig. 2(a). It decreases the giant Zeeman shift of the
exciton PL line that correspondingly shifts to higher energies.
Here, TMn has been estimated from fitting the modified
Brillouin function to the exciton energy measured from 3 to
4 T. At high optical excitation power density (P > 15 W/cm2),
the cusp amplitude decreases remarkably. Since the cusp
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FIG. 2. (a) CW laser-power density dependence of the 3.32-
T-cusp amplitude (closed circles) and Mn spin temperature (open
triangles, right scale); sample no. 2, T = 1.8 K. Lines are guides for
the eye. (b) Energy difference δE(B) for the 3.32-T cusp for the four
samples studied; P = 3 W/cm2. (c) Scheme of interactions: the Mn
spin system is heated by photocarriers and mainly cooled via Mn
clusters to the lattice temperature.

amplitude at a fixed magnetic field depends on the difference
TMn − T , the decrease may be caused by a local heating of
the phonon system above the helium temperature of 1.8 K.
Note that the width of the cusp resonance is not changed
significantly over the whole range of power densities applied.

The cusp fields do not depend on the Mn concentration, as is
shown, exemplarily for the 3.32-T cusp, in Fig. 2(b), although
sample no. 1 with lowest x does not show a minimum in EX(B)
at the chosen experimental conditions. For increasing x, the
cusps broaden with shallow flanks at high fields, and the cusp
amplitude changes nonmonotonically, having a maximum for
x = 0.012. It is worthwhile mentioning that the cusps are
observed in both multiple- and single-QW structures, thus
allowing us to exclude a possible participation of folded
acoustic phonons in the cusp appearance, which might be
present in multiple QWs. A cusp at 3.32 T has also been
observed in an n-doped Zn0.988Mn0.012Se/(Zn,Be)Se QW.

According to the scheme of Fig. 2(c), it is consequential
to suggest that the cusps are attributed to a cooling of the
heated Mn spin system that is provided at specific magnetic
fields by a resonant spin transfer from single Mn2+ ions to
Mn clusters, resulting in accelerated spin-lattice dynamics.
This is confirmed by direct measurements of the SLR time
τSLR, shown in Fig. 3 for samples no. 2 and no. 3. τSLR was
evaluated by probing the temporal decay of the exciton PL
after an intense pump pulse with 105 kW/cm2 [22]. At 3.3
and 9.2 T, the SLR time is reduced by about 20%, reflecting
the cusp profile measured in the time-integrated giant Zeeman
shift. The dependence of the SLR time on the pump density
is depicted in the inset of Fig. 3(a) for B = 3.32 T. With

FIG. 3. SLR time as a function of the magnetic field for sample
no. 2, x = 0.012 (a), and no. 3, x = 0.020 (b); T = 1.8 K. The error of
τSLR does not exceed the symbol size. Inset: pump power dependence
of τSLR.

increasing Ppump, τSLR speeds up from 700 to 350 μs and
saturates at this level for Ppump > 100 kW/cm2.

IV. THEORETICAL MODELING OF CUSP RESONANCES

The SLR of paramagnetic centers in crystals through
quick-relaxing clusters is well known: energy is carried from a
heated paramagnetic ion to the vicinity of a quick-relaxing
center via the spin-diffusion mechanism, and after that it
is transferred to the center. When the mechanism of this
transfer includes cross-resonances between spin levels, it can
be a resonant process. The resonant character of the SLR
acceleration shall be explained by the mixing of spin levels
in a complex of magnetic ions leading to anticrossings, and
thus the spin and energy transfer from the paramagnetic single
ions to the quick-relaxing clusters does not require the energy
exchange (absorption or emission) with the phonon system,
which would otherwise slow down the relaxation process.
The simplest complex consists of a single Mn spin and a
pair of nearest-neighbor (NN) Mn spins, which are coupled
antiferromagnetically and form six multiplets with total spins
Spair = 0,1,2, . . . ,5 [20]. In the presence of state mixing at
a crossing point, resonant spin transfer takes place when
the splitting of the single-ion spin states with different Sz

corresponds to the splitting between the pair state with Spair =
0 and the component with lowest Spair,z of the pair state with
Spair = 1. By neglecting interactions between the single ion
and the pair cluster, the respective resonance fields are Bn =

2JNN
n gMnμB

, n = 1,2, . . . ,6, where 2JNN denotes the zero-field
energy splitting between the above-mentioned pair states with
the constant JNN ≡ J12 = −(1.05–1.12) meV of the isotropic
exchange interaction between the paired ions [25]. This
equation qualitatively describes the cusp fields. For additional
analysis, we consider magnetic dipole-dipole coupling, crystal
fields of cubic and axial symmetry, anisotropic exchange, and
Dzyaloshinsky-Moriya interaction inside the pair and between
the single spin and paired ions. The latter two interactions
provide a fast relaxation of magnetic moments [26,27].
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The total Hamiltonian, which is used for the calculations of
the spin-level structures for a Mn complex, reads

Ĥ = ĤZ + Ĥiso + Ĥdip + Ĥani + ĤDM + Ĥcub + Ĥax. (1)

The analysis of the spin-level structure is conceptually based
on two points: (i) Calculation of the magnetic fields, where spin
levels with different Stotal,z cross each other. This is essential,
but not a sufficient condition for the modeling of the cusp
resonance fields. At these fields, cross-relaxation may take
place without energy dissipation to the phonon system. (ii)
Determination of the spin-level mixing at the corresponding
magnetic fields; the mixing results in level anticrossing.

The Zeeman interaction of the Mn spins

ĤZ = gMnμBBz

∑
i

Sz,i (2)

for a magnetic field B applied along the QW growth axis z,
and the isotropic exchange

Ĥiso = −2
∑
i>j

Jij (SiSj ), (3)

which couples the NN ions of a pair cluster antiferromagnet-
ically (negative exchange constant), form the energies of the
levels and are mainly responsible for the unperturbed level
crossings. The isotropic exchange interaction does not con-
tribute to SLR due to the commutation of its Hamiltonian with
ĤZ. The indices i and j denote a Mn ion of the complex consid-
ered. The three-dimensional Mn-ion spin vector S contains the
components Sx ′ , Sy , and Sz, where x ′, y, and z describe the local
cubic axes of the nearest tetrahedron of each magnetic ion.

The dipole-dipole interaction between the Mn ions with
distance vector R,

Ĥdip = g2
Mnμ

2
B

R3

∑
i>j

[
SiSj − 3

(RSi)(RSj )

R2

]
, (4)

and the anisotropic exchange with the constants αij + βij +
γij = 0 as well as the Dzyaloshinsky-Moriya interaction,

Ĥani =
∑
i>j

(αijSx ′,iSx ′,j + βijSy,iSy,j + γijSz,iSz,j ), (5)

ĤDM =
∑
i>j

Dij (Si × Sj ), (6)

are of key importance for the spin-level mixing, while they
also lead to small corrections in the level energies. The dipolar
interaction is weak in comparison to Ĥani and ĤDM, which are
present inside a NN pair as well as between the paired and
single ions. Ĥani (ĤDM) yields nondiagonal matrix elements
between the states with even (odd and even) �Stotal,z. The
direction of the vectorial constant Dij is determined by the
properties of the electron-shell orbitals of the Mn ions i and j

participating in the interaction; it is perpendicular to the plane
that includes the ions i and j as well as the adjacent anion.
For the calculations, D = 15 μeV is used [26]. Each cation
in the sphalerite structure of ZnSe has 12 nearest-neighboring
cation positions. The radius vectors connecting the NN cation
positions can enclose three different angles with the z axis
given by π/4, π/2, and 3π/4. The main axes of the Ĥani

and ĤDM interactions are connected to the pair radius-vector

direction. The pairs with π/4 and 3π/4 orientations of the
radius vector are equivalent to each other with respect to the
magnetic-field direction, while they differ from the pairs with
π/2. This leads to level splittings of two different types of NN
pairs in a magnetic field.

Moreover, we consider the cubic and axial crystal fields
through the Hamiltonians

Ĥcub = a
∑

i

(
S4

x ′,i + S4
y,i + S4

z,i

)
, (7)

Ĥax = 	ax

∑
i

S2
z,i . (8)

The value a = 0.23 μeV that corresponds to 0.002 T for the
cubic crystal field is taken from Ref. [28]. The axial crystal-
field term of 	axS

2
z -type arises in the spin Hamiltonian, since

stress is directed along the QW growth direction, although
ZnSe has a cubic (sphalerite) crystal structure. This term results
in a small splitting of the zero-field spin states with different
|Sz| and in a nonequidistant Zeeman splitting of spin states with
different Sz. The 	ax value is −5.7 μeV (=̂ − 0.05 T) [29].

The calculated spin levels for the complex of a NN pair
weakly coupled to a single Mn ion are shown in Fig. 4(a);
the exchange constants J13 and J23 are set to −8.5 μeV [30].
One clearly sees the spin levels of the multiplet, whose total
spin Stotal,z is governed by Spair = 0 and Sz = 5/2, . . . , − 5/2,
and at high energies that of the multiplets, whose Stotal,z values

FIG. 4. Calculated energies of spin levels as a function of the
magnetic field for two complexes of Mn2+ ions: one (a) and two (b)
single Mn ions interacting with a NN pair; JNN = −1.10 meV. (c)
Enlarged view of the level anticrossing, n = 6, for a complex of four
Mn spins.
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result from combining the states with Spair = 1 and different Sz.
The magnetic fields, at which cusps are expected due to mixed
states that are accompanied by level anticrossings, are marked
by red dashed lines and arrows. The selection rules of the
state mixing are given by �Spair = 1 and �Stotal,z > 0, where
�Stotal,z ≡ n is the difference in the total spin projection values
of the whole complex [31]. Level anticrossings for �Stotal,z

from 6 down to 2 occur at 3.29, 3.74, 4.71, 6.39, and 9.60 T.
They are in good agreement with the experiment; see Fig. 1(b).
However, the cusps at lower magnetic fields (B < 3 T) cannot
be explained within the frame of the three Mn-spin complex.

The experimentally observed low-field cusps can be de-
scribed by a complex containing a NN pair that is weakly
coupled to two single weakly interacting Mn ions, where the
exchange strengths are estimated at −8.5 μeV. The respective
results, shown in Fig. 4(b), demonstrate resonance fields at
1.76, 1.94, 2.15, 2.41, and 2.79 T for 11 � �Stotal,z � 7.
The level repulsion of the anticrossings, which reflects the
interaction strength between the spin levels as well as the
spin-transfer efficiency, amounts to a few tens of μeV; the level
anticrossing at 3.29 T is shown in Fig. 4(c). The good
agreement between experiment and theory allows us to
conjecture that such complexes of two single Mn ions and
a NN pair are sufficient to simulate, for small x, the ensemble
of mutually interacting Mn spins.

The NN pairs have the highest cluster formation probability
for small x; nevertheless, next-nearest-neighbor (NNN) pairs
are also present [32]. Level anticrossings related to NNN
pairs, whose exchange constant was approximated to JNNN =
(−0.26 ± 0.21) meV [33], fall close to the 3.32-T cusp. One
may suppose that this cusp is also contributed by the interaction
of single ions with a NNN pair for �Stotal,z = 1 or 2 in
consideration of fluctuating rhombic crystal fields in addition
to the dipolar and exchange interactions. However, complexes
including triplet clusters of NN Mn2+ have anticrossings
with weak level repulsion for �Spair = 1 and �Stotal,z > 0 at
distinctly different magnetic fields. Moreover, the different
triplet-cluster configurations lead to a broadening of the
resonances, thus lowering the detectability of cusps.

V. DISCUSSION AND CONCLUSION

Let us return to the amplitude Acusp and shape of the
cusps. To observe cusps, one needs to heat the Mn spin
system above the bath temperature; therefore, Acusp depends
on TMn − T , which is changed by optical pumping, and on
τSLR(B,T ). Obviously, the dependence of these parameters on
the giant Zeeman shift can explain the increase of the cusp
amplitude with growing field as well as its decrease at very
high fields; see Fig. 1(b). The strong shortening of τSLR for
increasing x [compare Figs. 3(a) and 3(b)] also contributes to
the Acusp reduction. The broadening of the cusp for high Mn
concentration is caused by the dispersion in the anticrossing
fields due to the large number and variety of the quick-
relaxing clusters as well as enhanced dipolar and exchange
interactions between the single ions as a consequence of local
low-symmetric crystal-field distortions. Moreover, under high
optical excitation power, the relaxation rate via clusters, whose
number is limited, may become insufficient, and the relaxation
channel may be saturated.

The heating of the magnetic-ion spin system and an
acceleration of the spin-lattice dynamics also take place in
other structures besides (Zn,Mn)Se DMS QWs, such as in
bulk (Cd,Mn)Te or (Cd,Mn)Se [27,34]. However, the changes
observed in the SLR rates were particularly attributed to NN
pair-state mixing or anisotropic exchange as the dominant
mechanism of spin-pair relaxation. Strutz et al. [34] observed
only one similar cross-resonance in (Cd,Mn)Te that corre-
sponds to �Stotal,z = 1, nevertheless it was not considered as
a general property of the relaxation in the paramagnetic spin
system. We suppose that the resonantly enhanced SLR, which
is similar to our results, was not found due to the small value
of the isotropic exchange constant for the NN Mn2+ pair as
well as the negligible difference of the exchange constants
for NN and NNN pairs in Cd-based DMSs, which may
lead to an overlapping of different cusps and their widening
by dipole-dipole interaction. In Ref. [19], the SLR inside
different exchange-coupled clusters was calculated, while the
idea of spin diffusion between quickly relaxing clusters and
the single-ion spin ensemble was only proposed. Here, we
highlight in experiment and theory the importance of the
energy transfer from single spins to the spin system of NN
pairs through intrinsic cross-resonances.

In conclusion, the presented results demonstrate that the Mn
spin system in DMSs cannot be treated as homogeneous with
respect to the SLR dynamics: the usual SLR of single magnetic
ions through the phonon system is accompanied by the spin-
diffusion transfer of energy to quick-relaxing centers, which
are primarily pairs of antiferromagnetically coupled Mn ions in
nearest-neighbor coordination. The transfer of spin and energy
from the single paramagnetic ions to adjacent NN pairs is
strongly enhanced by the intrinsic cross-relaxation resonances
already at weak magnetic fields, where the mixing of spin
levels in the complex of magnetic ions results in anticrossings.
The SLR time acceleration through the mixing of states of the
fast-relaxing clusters and single spins depends strongly on the
perturbation strength, which mixes the crossing states, the pop-
ulation of these states, and the transferred magnetic-moment
values. Furthermore, our results clearly highlight that the
phenomenological model, which is widely used for the antifer-
romagnetic corrections within the modified Brillouin function,
should be accomplished by a nonmonotonic TMn(B) depen-
dence to describe properly an overheated magnetic-ion spin
system of small ion concentration. The magnetic resonances
detected through the changes in the exciton giant spin splitting
represent an alternative possibility to study spin-relaxation
processes in DMSs. The disclosed SLR mechanisms can be
applied to the broad class of magnetically disordered materials.
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