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Manganese spin dephasing mechanisms in ferromagnetic (Ga,Mn)As
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3Paul-Drude-Institut fër Festkörperelektronik, Hausvogteiplats 5-7, D-10117 Berlin, Germany
(Received 6 April 2015; revised manuscript received 5 November 2015; published 1 December 2015)

We report on the study of Mn transversal spin relaxation mechanisms in ferromagnetic (Ga,Mn)As. The spins
of valence band holes experience exchange interactions with ferromagnetically ordered Mn spins and strong
spin relaxation due to spin-orbit coupling. The hole subsystem provides a relaxation channel for the Mn spin
subsystem. The Mn spin relaxation mechanisms were studied by means of spin flip Raman scattering. Two
contributions to the spin flip Raman linewidth were found. The first one dominates below the Curie temperature
and is related to the fast hole spin relaxation that damps the collective motion of the coupled Mn and hole spin
subsystems. The other contribution to the Mn spin relaxation is related to spin fluctuations of the hole ensemble,
which grow with temperature and become most important in the paramagnetic phase.
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I. INTRODUCTION

In the last two decades the diluted magnetic semiconductor
(Ga,Mn)As has attracted significant attention in the scientific
community, both from a fundamental point of view and
as a potential candidate for spintronic device applications
[1]. Although it is well established that the ferromagnetic
ordering of Mn ions in (Ga,Mn)As is induced by holes,
important aspects of their coupling with Mn ions in the
strongly correlated hole-Mn spin system are still not fully
understood. Among the open questions are the spin relaxation
mechanisms of the Mn spin subsystem and the hole spin
diffusion rate. Extensive studies of the collective hole-Mn
ion spin excitations in (Ga,Mn)As film have been carried
out by various experimental techniques, such as ultrafast
magneto-optical Kerr effect [2–4] (MOKE), ferromagnetic
resonance (FMR) [5,6], and picosecond strain pulses [7]. The
spin dynamics in ferromagnetic (Ga,Mn)As has been studied
by means of FMR, and the effective geff factor characterizing
the coupled hole-Mn ion spin system has been measured as
[8] geff = 1.92 ± 0.04 and [9] geff = 1.91. The measured geff

values are in good agreement with theoretical prediction—
geff = 1.90 [10]. From the analysis of the MOKE data [11–13]
the manganese transversal spin relaxation time has been
estimated to be τMn ∼ 300 ÷ 400 ps. The nonequilibrium hole
spin dynamics in ferromagnetic (Ga,Mn)As has been recently
studied by means of ultrafast MOKE spectroscopy, and the
hole spin lifetime has been measured as [14] τh ∼ 0.2 ps.
Another important ingredient of the physics of ferromagnetic
(Ga,Mn)As is the hole spin diffusion rate. Despite extensive
studies in this ferromagnetic semiconductor, the hole spin
diffusion rate has not yet been determined. However, on the
basis of the data obtained recently for electron spin diffusivity
[15] D ∼ 10 ÷ 40 cm2/s in n-GaAs, one can conclude
that hole spin diffusivity in (Ga,Mn)As cannot exceed this
value. This conclusion is supported by the result obtained
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in Ref. [16] for hole transport mean-free path in (Ga,Mn)As
lt ∼ 1 nm.

In this paper we present a direct study of the Mn transversal
spin relaxation time and its g-factor renormalization in ferro-
magnetic (Ga,Mn)As in a wide temperature range by means of
spin-flip Raman scattering (SFRS). It has been demonstrated
that SFRS is an effective tool for investigating the exchange
interaction and direct measurements of exchange constants
in DMS based on II–VI compounds [17–19]. This technique
has been successfully used to study the exchange-induced
spin splitting of bound as well as free carriers in Mn-doped
GaAs [20] and (Ga,Mn)As DMS [21]. In this technique the
Raman shift of the SFRS line provides information on the Mn
ion g factor modified by exchange interaction with valence
band holes of GaAs, while the width of the SFRS line is
directly related to the transversal spin relaxation time of
Mn ions. The Mn g factor decreases by about 5% from its
value in the paramagnetic phase (g = 2.01), while the SFRS
linewidth, which is almost temperature insensitive below TC ,
shows a strong linear increase with temperature above TC . The
study of the effect of phase (paramagnetic to ferromagnetic)
transition on SFRS linewidth and its energy shift allowed us
to distinguish the manganese spin dephasing mechanisms.
An analytical model based on coupled manganese and hole
spin subsystems, and also including fluctuations in these
subsystems, is developed. This model well describes the g-
factor modification and manganese spin lifetime in (Ga,Mn)As
in the whole temperature range covering the ferromagnetic
and paramagnetic state. Furthermore the value of hole spin
diffusion coefficient is estimated by a fit of the experimental
data in the frame of the developed model.

II. SAMPLES AND EXPERIMENTAL SET-UP

The 500-nm-thick (Ga,Mn)As films for this study were
grown at 250◦C by molecular beam epitaxy (MBE) on
semi-insulating GaAs (001) substrates covered with 100 nm
GaAs buffer layers. Two of the studied samples have a Mn
content of x = 0.01 (FM1) and x = 0.043 (FM2). In addition,
a Mn-doped (3 × 1017 cm−3) 1000-nm-thick GaAs film grown
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FIG. 1. (Color online) Temperature dependence of the magneti-
zation for Ga1−xMnxAs with x = 4.3% in a magnetic field B = 0 T
(red circles) and B = 5 T (blue triangles).

at 540◦C was used as reference sample R. All samples studied
were not subjected to annealing. Superconducting-quantum-
interference-device (SQUID) measurements were carried out
in the temperature range 5 ÷ 400 K to investigate the macro-
scopic magnetic properties of the sample and to confirm the
absence of MnAs nanoclusters. The SQUID measurements
showed ferromagnetic (FM) behavior of samples FM1 and
FM2 with Curie temperatures TC = 35 K and 55 K, and satura-
tion magnetizations MS = 5 emu/cm3 and MS = 21 emu/cm3,
respectively. Figure 1 shows the temperature dependence of the
magnetization for the FM2 sample measured in zero (B = 0)
magnetic field (red symbols) and B = 5 T (blue symbols).

For the excitation of SFRS, we used the lines of He-Ne,
Kr, and Ar-ion lasers. The laser power densities focused on
the sample ranged from 5 to 50 Wcm−2. The experiments
in the temperature range 1.7 ÷ 200 K were carried out in a
continuous He-flow cryostat using magnetic fields up to 5 T in
either the backscattering tilted Faraday or the Voigt geometry.

To describe the polarization properties of the SFRS line in
the Faraday configuration we use the notation x(ση,σ λ)x̄ with
x̄ and x being perpendicular to the sample plane yz and η = ±,
λ = ± denoting the circular polarization of the exciting ση

and scattered σλ light. The Voigt geometry corresponds to the
notation x(σ,π )x̄, with x̄ and x perpendicular to the sample
plane and the magnetic field B directed along z and σ , π

denoting linear polarizations of the exciting (σ ) and scattered
(π ) light with the electric field vector of the light perpendicular
(for σ ) or parallel (for π ) to B.

III. EXPERIMENTAL RESULTS

In a magnetic field applied in the Voigt geometry, the
Raman spectra of the FM samples as well as the R sample
show a strongly polarized Mn-SFRS line with a magnetic-
field-dependent Raman shift. This line is detected only in the
Raman spectra measured in the x(σ,π )x Voigt configuration.
In contrast, this line is absent in the exact Faraday geometry
(the incident laser light and magnetic field perpendicular to the
sample plane). However, tilting the incident beam by 10–15
degrees from the normal to the sample plane activates the
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FIG. 2. (Color online) Spin flip Raman scattering spectra mea-
sured in samples with a concentration of manganese n = 3 ×
1017 cm−3 (black curve) and the atomic fraction of manganese
x = 4.3% (red and blue curves). The measurements were carried
out in an external magnetic field B = 5 T and in Voigt geometry.
The measurements corresponding to the black and red curves are
performed at T = 2 K, while the blue spectrum is obtained at
T = 160 K. The blue open circles show a Lorentzian fit.

Mn-SFRS line in crossed x(σ+,σ−)x polarizations. Figure 2
shows the Raman spectra for the two samples measured in the
Voigt x(σ,π )x geometry at B = 5 T. The blue open circles
represent a Lorentzian fit which is described by Eq. (4).
The magnetic field dependence of the Raman shift of the
Mn-SFRS line for both magnetic field geometries and T = 2 K
is shown in Fig. 3 for the FM2 sample. For a vanishing
magnetic field the Raman shift of the Mn-SFRS line of the
R sample tends to zero in the Voigt and Faraday geometries
and in the studied temperature range T = 1.7 ÷ 170 K. The
magnetic-field dependence of the Mn-SFRS line energy shift
in this sample can be represented as �R = g0

MnμBB with
g0

Mn = 2.01, which does not depend on temperature. In contrast
in the FM samples the magnetic field dependence (see Fig. 3)
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FIG. 3. (Color online) Magnetic field dependence of the SFRS
Raman shift for the FM2 sample (x = 4.3%) measured at T = 2 K in
Voigt (solid red triangles) and Faraday (solid blue circles) geometries.
The red and blue lines are the fits (for details see text).
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of the Raman shift for the SFRS line extrapolates to a positive
offset in the Voigt geometry and to a negative one in the
Faraday geometry. With a temperature increase this offset
decreases and vanishes at T > TC . The slope (in other words,
the g factor) of the magnetic field dependence of the SFRS line
energy shift in the FM samples also depends on temperature. To
describe the observed magnetic field dependence of the SFRS
line one should take into account the magnetic anisotropy of
a (Ga,Mn)As layer [22] as well as the demagnetizing field
of a thin ferromagnetic layer. In the simplest approximation,
the free-energy density F for a zinc-blende crystal film
[such as (Ga,Mn)As] can be expressed as the sum of three
contributions:

F = 2πM2n2
x − MH2

2
n2

x − MH4

4

(
n4

x + n4
y + n4

z

)
, (1)

where the first term describes the demagnetizing energy, the
second and third terms are the easy plane and cubic anisotropy
fields, respectively, ni are the directional cosines, and M

is the magnetization. It is assumed that the crystallographic
axes coincide with the Cartesian coordinates axes x,y,z,
respectively, and the x axis coincides with the growth direction
of the structure. The magnetic field dependence of the Raman
shift for the SFRS line in the FM samples for the Faraday and
Voigt geometry can be well fitted by the following expressions:

�F (B,T ) = geff(T )μB(B − 4πM + H4 + H2), (2)

�V (B,T ) = geff(T )μB

√
(B + 4πM + H4 − H2)(B + H4).

(3)

Figure 3 shows the magnetic field dependence of the SFRS
line energy shift for the FM2 sample measured in the Voigt
(red triangles) and Faraday (blue circles) geometries and at
T = 2 K. The red and blue lines in this figure are the fits
based on Eqs. (2) and (3). For the case of the FM2 sample the
best fit was obtained with the following parameters: H4 = 300
Oe, H2 = −1100 Oe. Therefore, to distinguish the effect of
temperature on the g factor we measured the magnetic field
dependence of the SFRS line Raman shift in a wide tem-
perature range covering the ferromagnetic and paramagnetic
phases. Figure 4 shows the temperature dependence of the g

factor determined as described above. The transition to the
FM phase is accompanied by a decrease of Mn2+ ion g factor
by 5%. Another important feature of the FM samples is the
width of the SFRS line, which increases with temperature as
shown in two spectra of Fig. 2 measured at T = 2 K (the red
spectrum) and T = 160 K (the blue spectrum) and at B = 5 T.
The temperature dependence of the SFRS linewidth measured
at B = 5 T for the FM1 and FM2 samples is shown in Fig.
5. In each FM sample the SFRS linewidth is not sensitive
to temperature below TC and strongly increases at T > TC .
Typically the SFRS linewidth is determined by two factors,
i.e., uniform and nonuniform lifetimes. The latter is related
to the Mn g-factor dispersion. Since the SFRS linewidth in
the FM samples does not depend on magnetic field, we can
conclude that the measured Mn SFRS linewidth is determined
exclusively by the uniform transversal lifetime of the Mn spin
subsystem. Therefore the Mn spin subsystem lifetime can be
determined from the SFRS linewidth. The SFRS process can
be described in terms of the scattering matrix dI/dωd	 ∼
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FIG. 4. (Color online) Temperature dependence of the effective
Mn g factor in the FM2 Ga1−xMnxAs sample (x = 0.043). Dots are
experimental data; solid curve is a fit based on Eq. (12). Dashed curve
is a fit based on Eq. (14).

|〈f |Ŝ|i〉|2, where Ŝ is the scattering matrix, I is the intensity
of the scattered light, and |i〉, |f 〉 are the initial and final states
of the photons, respectively. The third order in the perturbation
gives the first nonzero contribution in the Raman line. Namely,
the second order in the V̂ph electron-photon interaction and the
first order in the exchange interaction of a hole with Mn 3d5

electrons V̂ex = A(ŜĴ), where A is an exchange constant, and
Ŝ, Ĵ are operators of manganese spins and holes, respectively.
Assuming Ŝ±(t) ∼ e−γ t∓iωB t , one can show that the ratio of
the Raman line’s spectral density of the intensity to its maxima
is as follows:

Iω(ω)

Iω(ωi ± ωB)
∼ γ 2

(ωi − ω ± ωB)2 + γ 2
, (4)

where Iω is the spectral density of the intensity per unit
solid angle, ωB is the the manganese precession frequency,
ωi is the initial light frequency, and ± is the anti-Stokes
and Stokes spin-flip scattering process of photoexcited holes
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FIG. 5. (Color online) Temperature dependence of the Mn trans-
verse spin damping frequency in Ga1−xMnxAs with x = 1% (red
symbols and line) and x = 4.3% (blue symbols and line). Experiment
made in Voigt geometry in a magnetic field B = 5 T. Solid dots and
triangles are experimental data; solid curves are fits based on Eq. (13).

245201-3



I. V. KRAINOV et al. PHYSICAL REVIEW B 92, 245201 (2015)

0 1 2 3 4 5

2.0x1010

4.0x1010

6.0x1010

8.0x1010

1.0x1011

γ
(s

-1
)

Magnetic Field (T)

150 K
5 K

90
60

30

10

τ M
n

(p
s)

FIG. 6. (Color online) Magnetic field dependence of the Mn
transverse spin damping frequency in Ga1−xMnxAs with x = 4.3%
for two different temperatures. Red circles and blue triangles
correspond to T = 5 K and T = 150 K, respectively.

on manganese. Let us now discuss the origin of the Stokes
SFRS line (Fig. 2) in the Voigt geometry. Using linearly
y-polarized light propagating along the x direction, carriers
in the following spin polarizations can be excited: |c, + 1

2 〉
|v, + 3

2 〉, |c,+ 1
2 〉|v,− 1

2 〉, |c,− 1
2 〉|v,+ 1

2 〉, |c,− 1
2 〉|v,− 3

2 〉,
where c,v denote conduction band electrons and valence band
holes in spherical approximation, respectively. The Stokes
line appears in the SFRS spectrum due to the Ŝ+Ĵ− spin flip
flop process. After one spin flip flop process the carrier spin
states are given by |c, + 1

2 〉|v, + 1
2 〉, |c, + 1

2 〉|v,− 3
2 〉, |c, − 1

2 〉
|v, − 1

2 〉. One can see that light scattered in the x direction
has z linear polarization when carriers recombine from |c, +
1
2 〉|v, + 1

2 〉, |c, − 1
2 〉|v, − 1

2 〉 states. From Eq. (4) one can see
that the width of the line is determined by γ . Figure 6 depicts
the dependence of the transverse spin relaxation rate of the
Mn2+ ion on the external magnetic field for the FM2 sample.
One can see that γ does not depend on B in the range 2 ÷ 5 T
either below (T = 2 K) or above (T = 150 K) TC . Note that
for the doped (R) sample the SFRS linewidth is 0.19 cm−1 in
the full studied temperature range 2 ÷ 200 K. With this SFRS
linewidth we estimate the transverse spin relaxation time as
τMn � 100 ps.

IV. THEORY

It has been established in many studies that ferromagnetism
in (Ga,Mn)As is caused by holes (see, e.g., Ref. [23]). Holes
also modify the manganese g factor and are responsible for
its spin dephasing. To describe these processes we present
(Ga,Mn)As as a two magnetic subsystem [24] including the
core-spin Mn2+ subsystem (which is characterized by a g

value gS = 2.01 and a subsystem magnetization MS) and hole
subsystem whose parameters are labeled gJ and MJ . The
equations of motion for both subsystems are:

dMS

dt
= C1

μBgS

�
MS × �MS + C3

μBgS

�
MS

× �MJ + μBgS

�
B × MS − λSMJ × MS, (5)

dMJ

dt
= C2

μBgJ

�
MJ × �MJ + C3

μBgJ

�
MJ

×�MS + μBgJ

�
B × MJ − λJ MS × MJ

+ μBgJ

�
Ban× MJ + D�MJ −γh

(
MJ − M0

J

)
. (6)

In these expressions the first two terms describe spin waves.
The Ci are constants describing the spin wave energy spectrum,
whose typical values in (Ga,Mn)As are in the interval [25–27]
10−12 ÷ 10−13 cm2. The terms containing λS = λμBgS/� and
λJ = λμBgJ /� describe the interaction between the magnetic
subsystems. The λ in λS and λJ is a molecular field constant
describing the exchange interaction between the sublattices
and can be estimated by using the expression λM ∼ Beff ,
which links the sample magnetization M with the Weiss mean
field Beff . Taking Beff measured for (Ga,Mn)As in Refs. [28]
and [29] and M = 21 emu/cm3, we find that λ amounts to
103 ÷ 104. In Eqs. (5) and (6) we also include the hole spin
diffusion (D is a spin diffusion coefficient), the hole spin
damping rate (γh), which is caused by the strong spin-orbit
interaction in the valence band of GaAs, and anisotropy field
Ban caused by complex valence band structure. Furthermore,
we assume that the external magnetic field in Eqs. (5) and
(6) is applied in the z direction. As we discussed above, the
SFRS spectrum is characterized by the Raman shift of the
SFRS line, which is determined by the precession frequency
of the transverse component of the Mn spin and by the SFRS
linewidth, which is determined by the dephasing rate (the
transverse spin relaxation time) of the Mn spin. Both these
SFRS characteristics, i.e., the eigenfrequency and the damping
of the transverse component of magnetization, can be obtained
from Eqs. (5) and (6). Note that the exchange interaction
between magnetic subsystems modifies the g factor and leads
to their spin relaxation. The anisotropy field Ban contributes
to the precession frequency [see Eqs. (2) and (3)]. However
this modification is important for small external magnetic
fields. Our data are obtained at high magnetic fields (B � Hi)
when anisotropy fields contribute as a small field independent
additive to the Raman line energy shift. This one can see from
Fig. 3, which presents magnetic field dependence of the SFRS
Raman shift. Therefore, in order to simplify our analysis of
g factor and spin relaxation, we neglect hereinafter the term
with anisotropy field Ban × MJ in Eq. (6).

The equations of magnetization motion are nonlinear,
however, in the approximation of a small deviation from
the equilibrium they can be linearized. The solution of these
equations in the linear regime allows us to describe the Mn
g-factor modification. However, to describe the transverse Mn
spin relaxation one has to retain the nonlinear terms in Eqs. (5)
and (6). The nonlinear terms lead to two effects. The first one
is a nonlinear coherent dynamics, which manifests itself in a
weak dependence of the resonance frequency on its amplitude
(when being small) and the second harmonic generation. The
second effect is related to the existence of magnetization
fluctuations in the system which lead to the Mn spin dephasing.
In the regime of a small deviation from the equilibrium these
effects can be analyzed independently. The nonlinear terms can
be taken into account by solving the equations of motion (5)
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and (6) on the z components of magnetization and substituting
Mz

S,J into the equation for the M±
S,J components. Then we

can average the equations of motion on volume by taking
the magnetization in the form Mi = M0

i + Mi(t) + δM(x,t),
where M0

i is equilibrium magnetization, Mi(t) is homogeneous
magnetization, and δM(x,t) is magnetization fluctuations.
After averaging, the equation of motion for the homogeneous
magnetization takes the following form:

ωM+
S = [

ωS − λSM
0
J + iI1(ω)

]
M+

S

+ [
λSM

0
S − iI2(ω)

]
M+

J , (7)

ωM+
J = [

λJ M0
J − iI1(ω)

]
M+

S

+ [
ωJ − λJ M0

S + i(γh + I2(ω))
]
M+

J . (8)

In Eqs. (7) and (8) we neglect the nonlinear coherent terms,
assuming the regime of a small deviation from the equilibrium.
The Ii are correlations of the magnetization fluctuations and
can be written as

I1(t) = λ2
S

2
〈δM−

J (x,0)δM+
J (x,t)〉

+ λSλJ

2

∫
dx ′ G(x − x ′,t)〈δM−

J (x ′,0)δM+
S (x,t)〉,

(9)

I2(t) = λSλJ

2
〈δM−

S (x,0)δM+
J (x,t)〉

+ λ2
J

2

∫
dx ′ G(x − x ′,t)〈δM−

S (x ′,0)δM+
S (x,t)〉.

(10)

The angular brackets 〈·〉 in Eqs. (9) and (10) denote the
statistical average with an effective Hamiltonian describing
the energy of fluctuations:

H(δMS,δMJ ) = C1

2

∂δMi
S

∂xj

∂δMi
S

∂xj

+ C2

2

∂δMi
J

∂xj

∂δMi
J

∂xj

+ C3

2

∂δMi
S

∂xj

∂δMi
J

∂xj

+ α1

2
δMi

SδM
i
S + α2

2
δMi

J δMi
J + λδMi

SδM
i
J ,

(11)

where α1,α2 are phenomenological parameters of the Hamilto-
nian. The G(x,t) is a Green function of the diffusion equation
with the spin diffusion coefficient D and the damping γh.
Also we neglect in Ii the terms containing Ci due to its
small contribution to the Mn spin damping frequency. This
assumption is valid for the (Ga,Mn)As parameters used for the
fitting of experimental data. Now we can find the eigenvalue of
Eqs. (7) and (8) describing the Mn g factor and the transverse
spin relaxation frequency. The solution of the equation of
motion can be obtained with the following assumptions,
valid for (Ga,Mn)As [23,30]: λiM

0
S,γh � μBgiB/�; D �

CiμBgiM
0
S/�; M0

J /M0
S 
 1. Then the manganese effective

g factor and the transverse spin damping frequency are

geff(T ) ≈ gS − (gS − gJ )
λSM

0
J

(
λJ M0

S + λSM
0
J

)
(
λJ M0

S + λSM
0
J

)2 + γ 2
h

, (12)

γ (T ) ≈ T λ2
S

(2π )2(D
√

αJ CJ + CJ

√
Dγh)

(13)

+ γh

λSM
0
J (λJ M0

S + λSM
0
J )(

λJ M0
S + λSM

0
J

)2 + γ 2
h

,

where αJ = (α1α2 − λ2)/α1, CJ = (C1C2 − C2
3 )/C1. For

simplicity we neglect the second term in I1, which is smaller
than the first one if C1 � C3. Due to the significant difference
in magnetization of the Mn and hole subsystem [23], we as-
sume that the whole magnetization of the system is determined
by the manganese magnetization. To calculate temperature
dependencies of geff(T ) Eq. (12) and γ (T ) Eq. (13), we used
experimental data measured for the magnetization curve in the
FM2 sample presented in Fig. 1. For further simplification we
assume that the value M0

J /M0
S is temperature independent.

V. DISCUSSION

The temperature dependencies of the Mn g factor and
the transverse spin damping frequency (γ ) calculated on the
basis of Eqs. (12) and (13) are shown by the solid curves
in Figs. 4 and 5, respectively. In Fig. 4 the theoretical
curve is compared with the g factor measured in the FM2
sample, while Fig. 5 presents the fit of the temperature
dependence of the Raman linewidth (i.e., γ ) measured at
B = 5 T for the FM1 and FM2 samples. To fit the g factor
and γ of the FM1 sample, we used the following parameters:
MJ /MS = 0.08 (Ref. [30]), D = 0.09 cm2/s, and M0

S = 5
emu/cm3. Similarly, for the FM2 sample these parameters are
MJ /MS = 0.02, D = 0.19 cm2/s, and M0

S = 21 emu/cm3.
The other parameters λ = 2650, CJ = 10−12 cm2 (Ref. [26]),
gJ = −1 (Ref. [29]), γh = 1.1 × 1012 s−1 (Ref. [14]), and
αJ = 5000 are the same for the FM1 and FM2 samples. We
see that the general features of our experimental results are
reproduced fairly well by the calculated curves.

Let us now discuss the values of the parameters required
to fit the experiment. The value of λ used in this fit can be
evaluated from the known p-d exchange constant Jpd . The
link between these two constants is given by the following
expression: λμ2

B = Jpd . The estimate of Jpd value is usually
based on measurements of the splitting 2�pd between the
F = 1 and F = 2 states of the isolated Mn acceptor. The
reported values of 2�pd cover a wide range from [20,21]
2�pd = 4.4 meV to [31] 2�pd = 10 meV. Using these values
for 2�pd and depending on the used mean value of the hole
envelope wave function at the Mn acceptor, one can get a
value of Jpd which varies from [23,30] Jpd ∼ 40 meV nm3

to Jpd ∼ 2 meV nm3. Note that the latter value is obtained
from the directly (Raman scattering) measured value 2�pd =
4.4 meV and with a Mn acceptor mean radius of r ∼ 1 nm.
This is the upper limit for the value of Jpd , because it is
obtained for the hole bound to the Mn acceptor. One can
expect that for delocalized holes like in (Ga,Mn)As DMS,
the value of Jpd should be smaller. Therefore, to exclude
some uncertainty in the Jpd estimation, we used the value
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λ = 2650 obtained from the experimentally measured Weiss
field [28,29]. Another parameter involved in the fit of the
experiment is the hole g factor. The value of the hole g

factor in ferromagnetic (Ga,Mn)As varies from [5] g = −0.5
(extracted from FMR data) up to [10] g = −2.8 (extracted
from FMR and magnetization measurement). To fit the exper-
iment we used hole g factor gh = −1 reported in Ref. [29]
(extracted from magnetic-field-induced photoluminescence
polarization). Note, however, that the result of the fit is not
very sensitive to the value of the hole g factor.

One can see from Eq. (12) that the Mn g-factor modification
is associated with a coupling between the subsystems and is
sensitive to the presence of a mean magnetic moment in the
system, so it is dissipative above a Curie temperature. Equation
(12) has the classical limit in the case of absence of the hole
spin relaxation. If we put γh → 0 to zero we get the standard
result [8,10,32]: the effective manganese g factor is

geff = M0
S + M0

J

M0
S/gS + M0

J /gJ

. (14)

The temperature dependence of the geff given by Eq. (14)
is plotted (dashed line) in Fig. 4. The comparison of the
calculated solid and dashed curves shows that general features
of the experimental temperature dependence of the geff(T ) are
reproduced fairly well only by Eq. (12) (solid curve), which
assumes a finite value of γh. One can see from comparison of
the dashed and solid curves in Fig. 4 that taking into account
the finite value of the γh affects the value of geff . This means
that the value of the hole spin damping rate (γh) estimated
in our study and measured directly in Ref. [14] is not much
smaller than the effective Weiss field λJ M0

S . Note that Eq. (14)
is not valid close to the Curie point, i.e., when B � λM0

S (T ).
The general behavior of the Mn transverse relaxation

frequency demonstrates two regimes as follows: (i) In the
temperature range up to TC the main contribution to the Mn
spin damping frequency is related to the hole spin dephasing
(due to the strong spin-orbit interaction in the GaAs valence
band), which, however, is not induced by Mn spins. The hole
spin dephasing leads to Mn spin relaxation, because the hole
spin subsystem is coupled to the Mn spin subsystem. This
mechanism prevails in the ferromagnetic phase, i.e., below
TC and disappears above TC due to a decrease of the mean
magnetic moment of the system. (ii) The second contribution
to the Mn spin relaxation is related to the spin fluctuations
of the hole ensemble, which grow with temperature. This
mechanism dominates above the Curie temperature. The fit
of the experimental data by the developed theoretical model
shows that the contribution of both mechanisms to the Mn
spin damping frequency is comparable. Analysis of Eq. (13)
(see the first term) shows that the slope of the Mn spin
damping above the Curie point is determined mostly by the
spin diffusion coefficient. The hole spin diffusion coefficient
is proportional to the spin relaxation time and the square of
Fermi velocity D ∼ v2

F /γh. As one can see, the denominator of
Eq. (13) depends on Dγh which increases with the increasing
of manganese concentration. This explains the decrease of the
spin damping slope above TC with an increase of Mn content
(see Fig. 5). Let us now discuss the temperature dependence
of the parameters for the first term denominator in Eq. (13).

TABLE I. Comparison of our results obtained by means of the
SFRS technique with that measured by other methods. x is the atomic
fraction of Mn in Ga1−xMnxAs, d the sample width, TC the Curie
temperature, and τMn, τh the manganese and hole spin relaxation
time. All experiments were made at low temperatures (no more than
0.1TC).

Paper x (%) d (nm) TC (K) g factor τMn (ps) τh (ps)

Ref. [8] 6.0 5.6 72 1.92
Ref. [9] 7.0 50 142 1.90
Ref. [11] 6.0 200 50 288
Ref. [12] 5.0 200 60 400
Ref. [14] 7.5 70 77 0.2
Our result 4.3 500 55 1.91 30 0.9

The parameter CJ is temperature independent. The hole spin
relaxation rate does not depend on temperature in a wide range
up to TC [14]. The Fermi velocity is temperature independent
due to high manganese concentration. Thus we can conclude
that the term CJ

√
Dγh is temperature independent. We

conjecture that this conclusion is also valid for the term
D

√
αJ CJ . Note, however, that there is no information about

temperature dependence of the αJ . From the fit of the γ (T )
for the FM2 sample x = 4.3% (see Fig. 5), the value of D

can be estimated to be D = 0.19 cm2/s. This value of D is
obtained for an averaged value of the known CJ which varies
from [25–27] CJ = 10−13 cm2 to CJ = 10−12 cm2. Taking into
account the uncertainty in CJ and γh, we conclude that D falls
in the interval D ∼ 0.01 ÷ 1 cm2/s. The estimated value of D

seems quite reasonable. As expected the hole spin diffusion
in (Ga,Mn)As is less than the electron spin diffusion in bulk
GaAs De ∼ 10 ÷ 40 cm2/s, which was directly measured in
Ref. [15]. The hole spin diffusion coefficient can be estimated
from the hole transport mean-free path [16] in (Ga,Mn)As
lt ∼ 1 nm and hole spin relaxation time [14]. The estimate
with these parameters gives the hole spin diffusion coefficient
(D ∼ 0.05 cm2/s) of the same order as obtained in our model.
We assume that the increasing of manganese concentration
leads to an increase of hole wave function overlap and increase
of hole spin diffusion as is seen from a comparison of D

measured in the FM1 (x = 1%) D ∼ 0.09 cm2/s and FM2
(x = 4.3%) D ∼ 0.19 cm2/s samples.

Let us now compare the present data with that obtained in
earlier studies (see Table I). The value of the g factor measured
in FM (Ga,Mn)As samples by ferromagnetic resonance at
low temperature [8] and a few temperatures [9] are in a
good agreement with that presented in Fig. 4. Also it is in
a good agreement with previous theoretical calculation [10].
The hole and manganese spin relaxation times obtained in
the present study are comparable with those measured by
MOKE for holes [14] and Mn2+ [11,12], respectively. The
manganese spin relaxation times estimated from time resolved
MOKE data presented in Refs. [13] and [33] have the same
order of magnitude as those estimated in the present study.
We believe that some difference in the measured transverse
Mn spin relaxation time is due to the different properties of
the samples caused by such growth related characteristics as
hole concentration, layer thickness, etc. As it was shown in
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Refs. [13] and [33], the post growth annealing can change the
magnitude of the Mn spin relaxation rate.

It is also important to compare the theory of transverse
spin relaxation time developed in the present paper with the
phenomenological theory by Landau-Lifshitz-Gilbert (LLG).
The damping of magnetization in the LLG theory is presented
by the phenomenological term in the equation of magnetization
precession:

∂M
∂t

∼ αG

M

[
M × ∂M

∂t

]
, (15)

where αG is a Gilbert coefficient (damping). In the LLG
formulation the spin relaxation time is proportional to the
spin precession frequency γ ∼ αGω. While such a dependence
of γ on magnetic field was not observed in this study (see
Fig. 6), we conclude that the description of the spin relaxation
in (Ga,Mn)As in the Bloch approach is more favorable than in
LLG formulation.

VI. CONCLUSION

In conclusion we have studied the magnetization preces-
sion damping and effective Mn g-factor renormalization in

ferromagnetic (Ga,Mn)As diluted magnetic semiconductor by
means of spin-flip Raman scattering. We have found that
two different mechanisms contribute to the transverse Mn
spin relaxation time. We have obtained that in ferromagnetic
(Ga,Mn)As the manganese transverse spin lifetime has the
order of 30 ps, and we have measured its temperature and
magnetic field dependencies. The damping magnetization
precession frequency also manifests itself in the decrease of
Mn g factor by 5% below Curie temperature. We have found
that for a phenomenological description of magnetization
damping in (Ga,Mn)As, the Bloch approach is more suitable.
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