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Hole spin polarization in the exchange field of the dilute magnetic (Ga,Mn)As semiconductor
studied by means of polarized hot-electron photoluminescence spectroscopy
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We have studied the hole spin polarization in the exchange field of ferromagnetic (Ga,Mn)As by means of
polarized hot-electron photoluminescence (HPL). We found that the holes contribute to the HPL spectrum in
two very different states. Most of the holes are strongly localized on Mn acceptors whose spin polarization
under circularly polarized excitation is not sensitive to the exchange field arising in the ferromagnetic state
below the Curie point. In contrast, the spin polarization of weakly localized or delocalized holes strongly
decreases below the Curie temperature. This effect is explained by the hole spin orientation in the exchange
field. The spin splitting of the weakly localized or delocalized holes in the mean exchange field is estimated
A=6 meV (equivalent to the built-in exchange field =90 T).
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Introduction. The dilute magnetic semiconductor (DMS)
(Ga,Mn)As is of great interest since the discovery of a tran-
sition into a ferromagnetic (FM) phase at low temperatures. !
The unique combination of semiconducting and magnetic
properties in this material opens up new prospects for real-
izing semiconducting spintronic devices.>* However, in spite
of intense experimental and theoretical studies and even suc-
cessive demonstration of prototype spintronic devices,* a
profound understanding of physics of (Ga,Mn)As has not
been achieved. Most of the proposed models assume that
holes produced by the Mn dopants play a key role in medi-
ating the interaction between spins (S=5/2) of Mn ions.
However, the principally unresolved problem in the physics
of (Ga,Mn)As concerns the state of the holes mediating the
ferromagnetism. The Zener model, based on a Rudermann-
Kittel-Kasuya-Yosida (RKKY)-type exchange interaction,”®
implies that the chemical potential of the holes lies in the
valence band. Alternatively, it has been suggested that the
holes in (Ga,Mn)As reside in the impurity band.’!? Strong
evidence for the formation of an impurity band has been
provided by optical'3-'® and transport'7!® studies.

In this Rapid Communication, we present a study of the
effect of ferromagnetic phase transition on the hole spin ori-
entation in (Ga,Mn)As by means of hot-electron photolumi-
nescence (HPL).'>!> The HPL circular polarization under
circularly polarized excitation provides detailed information
on spin-relaxation mechanisms as well as on direction and
value of exchange fields acting on the hole spins. Our results
on the temperature dependence of the HPL polarization
demonstrate that two types of holes contribute to the HPL
spectrum of the ferromagnetic (Ga,Mn)As state. The HPL
circular polarization related to the recombination of the de-
localized holes (most probably in the impurity band) shows a
strong decrease below the Curie temperature. In contrast, the
HPL circular polarization related to the recombination of the
Mn-acceptor-bound holes is almost insensitive to the transi-
tion into the ferromagnetic state. This difference in HPL po-
larization is explained by the different nature of the wave
functions of delocalized holes and Mn-acceptor-bound holes.
The exchange field acting on delocalized holes is found to
significantly (about three times) exceed the exchange field of
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individual Mn ions in Mn-acceptor-bound holes.

Samples and experimental. The 500-nm-thick (Ga,Mn)As
films for this study were grown at 250 °C by molecular-
beam epitaxy on semi-insulating GaAs (001) substrates cov-
ered with 100 nm GaAs buffer layers. The studied paramag-
netic (PM) and three FM samples have a Mn content of x
=0.01 (PM), and x=0.025,0.043,0.07 (FM), respectively. In
addition, a Mn-doped 1000-nm-thick GaAs film x=107°
grown at 540 °C was used as reference sample (R). Super-
conducting quantum interference device (SQUID) magne-
tometry was used to determine the magnetic properties of the
(Ga,Mn)As DMS. The laser power densities focused on the
sample were varied in the range from 100 to 200 W cm™.
The photoluminescence (PL) spectra were dispersed by a
Jobin-Yvon U-1000 monochromator equipped with a cooled
GaAs photomultiplier. The HPL circular polarization under
circularly polarized excitation was measured in the back-
scattering geometry using a photoelastic modulator in the
wide temperature range of T=4-200 K (see Refs. 13 and 15
for details). The degree of circular polarization was defined
by the common expression p,=([*—I")/(I"+I"), where I*
and I~ are the intensities polarized like the exciting light or
opposite to it, respectively.

Results and discussion. Figure 1 shows intensity (solid
lines) and circular polarization of the HPL obtained from the
PM and FM GaMnAs DMS samples at B=0 under circularly
polarized excitation. The HPL spectra obtained from (Ga,M-
n)As DMS at low temperatures (see spectra 1 and 2 for T
=4 K) are due to the recombination of hot electrons with
holes bound to single Mn acceptors or to the Mn-acceptor
impurity band (i.e., 1hh— le— A° type transitions) as illus-
trated schematically in the inset of Fig. 1(a).'>!> In the doped
GaAs:Mn reference (R) sample the HPL spectrum spreads
from the point of electron generation in the conduction (c)
band (marked as fiw, on the high-energy side of the spectra
in Fig. 1) to the bottom of the conduction band. In the DMS
samples, the impurity-band formation leads to the blueshift
of the HPL high-energy cutoff.

In our previous studies we have demonstrated that HPL in
(Ga,Mn)As DMS is linearly/circularly polarized under
linearly/circularly polarized excitation. A further careful in-

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.041202

SAPEGA et al.

o
3

o o
[

IN
~

on
o
w

o
o

o

[
n
Intensity (arb. units)

Circular Polarizati
o
>

o

o
o

1.6 1.8 2.0 22

Photon Energy (eV)

FIG. 1. Intensity (solid lines) and polarization (open and solid
symbols) HPL spectra of samples (a) PM (Ga,Mn)As and doped
GaAs:Mn R (b) FM (x=0.043) excited with a Kr* [1.916 eV, shown
by arrow down (1)] and Nd YAG laser [2.33 eV, shown by arrow
down (2)] at T=4 K (open symbols) and T=100 K (solid sym-
bols). Inset of (a) is schematic of HPL spectroscopy for acceptor
and impurity-band holes (left) and for valence-band holes (right)
and for two excitation energies [arrows (1) and (2) pointing up].

spection of the HPL circular polarization spectra from PM
and FM DMS samples reveals their very different tempera-
ture behavior. In PM DMS samples, the HPL circular polar-
ization spectra are not sensitive to the sample temperature
over a wide range, as shown for 7=4 K and 7=100 K in
Fig. 1(a) (compare open and solid circles for excitation at
1.916 eV). Similarly, the effect of temperature on the HPL
circular polarization is absent for excitation with a much
higher laser energy of fw,,=2.33 eV [see open and solid
squares in Fig. 1(a)]. In contrast, the HPL circular polariza-
tion of the FM DMS samples exhibits a strong dependence
on temperature for both excitation energies (1.916 and 2.33
eV). Comparison of the spectra obtained from the (x
=0.043) FM sample at T=4 K and T=100 K [see Fig. 1(b)]
clearly demonstrates the strong increase in the circular polar-
ization with temperature measured on the high-energy side of
the HPL spectrum for both excitation energies [gray regions
in Fig. 1(b)]. On the other hand, the polarization measured at
energies below the HPL maximum only slightly increases
with temperature. This means that two kinds of optical tran-
sitions contribute to the HPL spectrum. More intense and
almost temperature-independent transitions contribute pre-
dominantly at energies below %w,, while less intense but
strongly temperature sensitive transitions dominate on the
high-energy tail shown by the gray area. To demonstrate
more clearly the effect of temperature on the HPL polariza-
tion properties, the p.(T) has been measured [see solid
circles and open squares in Fig. 2(a)] at two spectral points
of the high-energy tail indicated in Fig. 1(b) by (@) and ([J).
Both dependences indicate an abrupt decrease in the HPL
circular polarization at temperatures below 7T,-~60-65 K
which is close to the Curie temperature measured in this FM
(x=0.043) sample by SQUID (7-=55 K). The temperature
dependence of the HPL circular polarization measured at an
energy below A, [see e.g., spectral point indicated by (<)
in Fig. 1(b)] depicts much smaller decrease at temperatures
below T [see open diamonds in Fig. 2(a)]. A similar behav-
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FIG. 2. Temperature dependence of the HPL circular polariza-
tion measured under circularly polarized excitation with laser/HPL
detection photon energies: (a) 1.916/1.835 (solid circles), 1.916/
1.773 (open circles), and 1.916/1.686 eV (open diamonds). (b)
1.833/1.748 (solid triangles), 1.916/1.835 (solid circles), and 2.33/
2.182 eV (open squares) for bulk FM (x=0.043) DMS. The solid
curve in (a) and (b) represents the fit obtained with Eq. (4).

ior of the HPL circular polarization on temperature was ob-
served for higher (Aw,,.=2.33 eV) [spectrum 2 in Fig. 1(b)]
as well as for lower excitation energy (fiw,,.=1.833 eV).
The temperature dependences of the HPL circular polariza-
tion measured in the high-energy tail at these excitation en-
ergies are presented in Fig. 2(b) by solid triangles (1.833 eV)
and open squares (2.33 eV, measured in the spectral point
marked by (A) in Fig. 1(b).

We now discuss the effect of temperature on the HPL
circular polarization in (Ga,Mn)As DMS. The absorption
of circularly polarized light in GaAs-type semiconductors
leads to the spin orientation of the excited electrons. The
HPL can thus be circularly polarized'® when oriented elec-
trons recombine with equilibrium nonpolarized holes. The
HPL circular polarization in GaAs significantly exceeds the
maximum theoretical value (0.25) obtained for band-gap PL
due to spin momentum (s-p) correlation, which occurs for
electrons excited and recombining with finite k vector.!” In
the FM DMS samples, the circular polarization is lower than
in the PM samples due to fast electron momentum relax-
ation, leading to partial distraction of the s-p correlation in
the point of hot-electron generation.

The effect of temperature on the HPL circular polarization
in FM DMSs can be understood by a model assuming the
presence of a built-in exchange field B, which in the fer-
romagnetic phase is proportional to the sample spontaneous
magnetization B,y NM(T), where \ is the Weiss constant
and M(T) is the sample spontaneous magnetization, ex-
pected within the textbook Weiss mean-field theory.?’ Circu-
larly polarized laser excitation creates spin-oriented electrons
in the conduction band whose spins are perpendicular to the
built-in field lying in the plane of the studied samples. Spin
polarized electrons recombine with acceptor- or impurity-
bound holes, whose polarization depends on the magnitude
and direction of the built-in exchange field.

The destruction of the ferromagnetic order, i.e., built-in
magnetic field (B,;— 0) with temperature increase restores
the HPL circular polarization. Qualitatively the effect of the
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built-in field on HPL circular polarization manifests itself for
hot electrons recombining with holes bound to Mn acceptors
as well as with weakly localized or free holes. However, the
effect of B,/ on the hole spin polarization strongly depends
on the character of the hole wave function, which determines
the selection rules for HPL. In the following, we will dem-
onstrate that holes contribute to the HPL circular polarization
of FM DMS samples in two different electronic states. We
start with holes bound to Mn acceptors (Mn ion 3d> shell
plus valence-band hole) whose model has been developed in
Ref. 21. The Mn-acceptor ground state is characterized by
the total angular momentum F=1. The splitting of this state
in the internal field B, is given by the following Hamil-
tonian:

H = ppgp_FBgs, (1)

where F, is the angular-momentum projector on the x axis,
which coincides with the B, (easy axis) direction and per-
pendicular to the wave vectors of the laser and PL photons.
For the sake of simplicity we assume that the excited states
(F=2,3,4) of Ay, are empty and upgy B,y <|Epoy—Ep|
as well as the final state of neutral Mn acceptors after recom-
bination is polarized. The expression for the HPL circular
polarization induced by external magnetic field in Faraday
geometry (magnetic field parallel to the wave vector of the
HPL photon) has been obtained in Ref. 21. The results of this
calculation can be easily adopted to the present case by
proper choice of the angle between built-in magnetic field
and direction of the HPL detection. This angle equals /2 in
the present study. With these assumptions one can get the
following expression for the polarization of the optical tran-
sition hot-electron-neutral Mn acceptor:

32 32
(3Q2 + Eﬁkg)cosh@) +207= 127K
P.=4S

., (2)

32 32 1
(13Q2+ Eyﬁkg)cosh(i) +70% - EV% + e
where

48
( 103 o+ S ko (Eo+ 7 k%))cosh(y’)

32
(105y2k4 Saékéwowlké)),

1B
§= —fI'“BgZ—; Al Q=(Ey+ yik)? + 4y3k;.
The Luttinger parameters y, and 7y, determine the spectrum
of heavy Ej;,=(y,-2v,)k* and light E;,=(y;+27,)k* holes
in GaAs, while Ey=110 meV is the Mn-acceptor binding
energy. The wave vector of the recombining electrons k is
determined by the energy of the exciting photons and the

carrier masses in valence (mhh) and conduction band (m,):
kO—Z ’%ﬁ where ,uf —m' +mzh, while 2§ is the mean
spin of electron in the point of creation with k,.2! The pa-
rameter « is determined by the character of the valence band
supplying electrons into the conduction band (a=-1 for hh
— e excitation). The temperature dependence of P, is de-
scribed by the parameter §. The analysis of Eq. (2) reveals
that we can expect only a small increase in the HPL circular

polarization with temperature increase above the Curie tem-

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 80, 041202(R) (2009)

perature T— (i.e., y—0) P(T=%)/P(T=0)=1.05. The
weak effect of temperature on P. is caused by the complex
character of the hole wave function in Mn acceptors, whose
ground state is formed by antiferromagnetically coupled 3d°
electrons (S=5/2) and holes (J=3/2). Our calculations have
demonstrated that interaction of the hole with two or more
Mn ions leads to the further decrease in the P.(T=%)/P (T
=0) ratio. This means that Eq. (2) can be used also for the
qualitative analysis of the P.(7) in DMS samples, where the
Mn-acceptor impurity-band formation is expected. This the-
oretical prediction explains well the observed weak tempera-
ture dependence of the P,(T) on the low-energy side (at en-
ergies below the point labeled as #iw,) of the HPL spectrum,
but it fails to explain the temperature dependence on the
high-energy side.

The strong effect of temperature on the HPL polarization
observed on the high-energy side can be explained by the
assumption that holes are not bound to individual Mn accep-
tors but localized on disorder potential fluctuations. Such
states, for example, can be formed in the impurity band by
excited states of Mn acceptors. The wave functions of holes
localized on different potentials can overlap, thus forming
the band of delocalized states. The states of this narrow band
can be calculated in the model of zero radius potential.”? In
this model, the binding energy (E)) is considered as a param-
eter, while the symmetry of the hole wave function is con-
sidered exactly. The effect of magnetic field on this state is
given by the following Hamiltonian:

Hp= MBgl(JxBeff), (3)

where g is the g factor of the hole, J, is the x component of
the angular-momentum projector of the hole total angular
momentum J=3/2. We assume that the hole binding energy
significantly exceeds the Zeeman energy |Ej|> upg B,
With this assumption and using the hole wave functions of
the I'g valence subband, the HPL polarization is obtained:

4 |16 3~ 8 I~
P =] o 35) £+ 2t oo 57) |
3 1 4 3~
{<10 N 5V§k3+§“7§k3>°05h<5y1>

{ 72k4 aysz(El 727]‘ )}cosh(%;)} (4)

where )ﬂ:‘L’f;fi and E; is the binding energy of holes

weakly bound to Mn acceptors. The Eq. (4) was obtained by
assuming that holes occupy energy states in accordance with
the Boltzmann statistics. This assumption is valid in the
present case when the wave-function overlap of holes located
on neighboring disorder potentials can be neglected. For
GaAs valence-band parameters, g;=1 and hole binding en-
ergy E;~ 10 meV the Eq. (4) predicts a significant increase
in the HPL circular polarization above the Curie temperature,
which is in good agreement with the experimental observa-
tion. The solid curve in Fig. 2(a) represents a fit of P(7)
obtained for the excitation energy %iw,=1.916 eV (k,
=10" cm™").2* We believe that the deviation of the fit from
the experimental data at low temperature is related to the
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admixture of Mn-acceptor-related transitions, which is al-
most temperature independent [see Eq. (2)]. The best agree-
ment of the data (also for 1.833 and 2.33 eV excitations) is
obtained with an effective exchange field B,;(7) =90 T at
T=0 K. For the sake of simplicity we assume that the tem-
perature dependence of the exchange field B,;(7) is given
rather by the standard textbook Weiss mean-field theory than
a more complex behavior.?* At T=0 K this spontaneous ex-
change field induces a significant Zeeman splitting of the
delocalized hole states A,;=gupB.s=BM(T=0)/gup
=6 meV [where B is p-d exchange integral, M (T=0) is the
spontaneous magnetization of the sample, and g=2 is the
electron g factor in the Mn d shell). This value of 6 meV is
five times smaller than that estimated in the RKKY-like
model of Ref. 6 (30 meV) for the Mn content of (x=0.05),
which is close to the present case (x=0.043). Note that the
spin splitting of the weakly bound or delocalized holes is
about three times larger than that measured for Mn-acceptor-
bound holes in doped samples.?> This leads to the conclusion
that weakly bound or delocalized holes interact with a larger
number of Mn ions due to their collective nature. Therefore,
we conjecture that the impurity-band delocalized holes are
responsible for ferromagnetism in (Ga,Mn)As DMS despite
their low density compared to the acceptor-bound holes. Co-
existence of the holes in two states means that (Ga,Mn)As is
microscopically not uniform. The presence of the noninter-
acting neutral Mn acceptors can be related to the interstitial
Mn (Mn;) or As antisites (Asg,), both acting as double do-
nors. Due to inhomogeneous distribution, these defects sig-
nificantly reduce the local density of holes inside some re-
gions where the exchange coupling between the remaining
uncompensated neutral (Mng,) acceptors is strongly sup-
pressed. Such nanoislands consisting of substitutional Mng,
acceptors surrounded by interstitial Mn; donors have been
recently detected by Raman spectroscopy of FM DMS.?
Comparison of the HPL spectra from PM and FM samples
clearly demonstrates that in both cases the high-energy tail
extends about up to the laser line, but only the high-energy
tail of FM samples reveals a strong temperature dependence
of its circular polarization. This is clear evidence for the
existence of delocalized states in the impurity band of FM
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(Ga,Mn)As DMS. Our analysis of the HPL circular polariza-
tion spectra of FM samples shows that the delocalized states
cover a wide range of states [shown by gray regions in Fig.
1(a)], which extends from the isolated Mn-acceptor state (ar-
row labeled by %iw,) almost up to the top of the valence
band. In agreement with our previous studies'*>!> we assume
that these weakly bound or delocalized states rather belong
to the Mn-acceptor impurity band than to the valence band.
Only weakly localized holes can contribute to the HPL for
high-energy excitations due to the uncertainty of the wave
vector k;, which is inversely proportional to the hole local-
ization length /. In contrast, for free valence-band holes we
expect a decrease in their contribution to the HPL spectrum
with an increase in the excitation energy; as such HPL would
be caused by less probable indirect transitions [see inset of
Fig. 1(a)]. However we cannot exclude the presence of the
holes in the valence band while they were not detected in the
HPL spectra so far. The contribution of these holes into HPL
is expected near the band-gap PL, where it can be masked by
PL from substrate.

Conclusions. In summary our study of the temperature
dependence of the HPL circular polarization has revealed the
existence of holes in two states in ferromagnetic (Ga,Mn)As
DMS. Most of the valence-band holes are bound to Mn ac-
ceptors, while minority of the holes occupies a broad band of
weakly bound or delocalized states. These states retain the
polarization properties of the Mn acceptors and can thus be
assigned to the Mn-acceptor impurity band. The exchange
field acting on delocalized holes is found to be three times
stronger than that acting on holes in the Mn-acceptor-bound
state. This supports our assumption that impurity-band delo-
calized holes are responsible for the expansion of ferromag-
netic order over the DMS layer.
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