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The high-spectral-resolution optical studies of the energy gap evolution, supplemented with electronic,
magnetic, and structural characterization, show that the modification of the GaAs valence band caused by Mn
incorporation occurs already for a very low Mn content, much lower than that required to support ferromagnetic
spin—spin coupling in (Ga,Mn)As. Only for n-type (Ga,Mn)As with the Mn content below about 0.3% the
Mn-related extended states are visible as a feature detached from the valence-band edge and partly occupied with
electrons. The combined magnetic and low-temperature photoreflectance studies presented here indicate that the
paramagnetic <> ferromagnetic transformation in p-type (Ga,Mn)As takes place without imposing changes of
the unitary character of the valence band with the Fermi level located therein. The whole process is rooted in the
nanoscale fluctuations of the local (hole) density of states and the formation of a superparamagnetic-like state.
The Fermi level in (Ga,Mn)As is coarsened by the carrier concentration of the itinerant valence band holes and

further fine-tuned by the many-body interactions.
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I. INTRODUCTION

(Ga,Mn)As dilute ferromagnetic semiconductor (DFS) has
been a subject of excessive interest for the past two decades be-
cause of its unique properties and relatively high Curie temper-
ature T¢ close to 200 K [1]. The ability to control the magnetic
state through electric field gating [1-5], light exposure [6—8], or
pressure [9—10], brought (Ga,Mn)As to a prototype material for
semiconductor spintronics [11]. Nevertheless, despite proved
spintronic capabilities revealed by many diverse experiments,
the ultimate view of the band structure and the origin of free
holes in this material is still being debated.

Two main models of the band structure of zinc blende
(Ga,Mn)As have been proposed. The first one, the kinetic p-d
Zener model, assumes merging the Mn impurity states with the
GaAs host valence band (VB) and the Fermi level located in the
VB settled by the concentration of free holes [12,13]. The other
one, the impurity band (IB) model, assumes formation of the
Mn-related IB above the GaAs VB edge with the Fermi level
pinned within the IB. In the latter model, the ferromagnetic
(FM) interactions can be explained by the double-exchange
mechanism, which assumes hopping conduction involving the
IB holes. In addition, there is no agreement whether the IB
is detached [14—16] or merged [17-24] with the VB states.
Unfortunately, the picture of the Mn content driven band
structure crossover from insulating to metallic state at the onset
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of ferromagnetism, has not been fully understood over the last
two decades, despite much efforts. Thus a better understanding
of the band structure at low Mn doping level is highly desirable.
Due to the complicated nature of this compound it is
difficult to decisively point out which from the two mechanisms
mentioned above is responsible for the magnetic properties
of (Ga,Mn)As. In this paper, we present the results of in-
vestigations of the optical-gap behavior in (Ga,Mn)As in
conjunction with the evolution of structural, electrical, and
magnetic properties due to increasing Mn doping level.

II. EXPERIMENTAL

To capture the Mn-induced modifications of the funda-
mental properties of (Ga,Mn)As, we have studied correlation
between magnetic, electronic, and optical properties over its
evolution from paramagnetic (PM) through superparamagnetic
(SP) to ferromagnetic phase with increasing Mn content by
means of several characterization techniques.

A set of (Ga,Mn)As layers has been prepared by the
low-temperature molecular-beam epitaxy (MBE) growth tech-
nique, with the Mn contents x ranging from O (an LT-GaAs
reference layer) to 1.6%. 100-nm-thick (Ga,Mn)As and LT-
GaAs epitaxial layers have been grown at approximately
230°C on GaAs (001) semi-insulating substrates. Tailoring
the substrate temperature depending on the intentional Mn
content has enabled to maximize Mng,, incorporation into
GaAs matrix and reduce Asg, and Mn; defects concentration.
The MBE growth has been done with As, flux, at optimized
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conditions, i.e. with Asy/(Ga + Mn) flux ratio close to the
stoichiometric one, as carefully set during the preceding
growth of test/calibration samples. LT-GaAs layer has been
grown at slightly lower temperature than (Ga,Mn)As films
with x < 0.02%, and therefore higher density of Asg, is
expected. Additionally, for photoemission studies LT-GaAs
and (Ga,Mn)As layers with x = 1.6% have been also grown on
p-type conductive substrates to prevent charging effects. The
high perfection of a 2D layer-by-layer growth of (Ga,Mn)As
has been confirmed by RHEED intensity oscillations, usually
observed for at least first 50 nm of the grown layer (in some
cases up to the very end of the growth of 100-nm-thick films)
[25]. Structural properties of LT-GaAs and (Ga,Mn)As epitax-
ial layers have been investigated by the analysis of high reso-
lution x-ray diffraction (HR-XRD). The results were obtained
with Philips X’Pert MRD x-ray diffractometer equipped with a
four-bounce Ge(220) monochromator, a three-bounce Ge(220)
analyser, and an x-ray mirror. In all experiments reported
here the symmetrical 004 reflection was studied with CuKa;
radiation. The Mn content in all the (Ga,Mn)As layers has been
determined by secondary ion mass spectrometry (SIMS).

Electronic properties have been evaluated with micro-
Raman spectroscopy experiment by the analysis of hole-
plasmon related mode in the scattering spectra. Measurements
were done using a 514 nm Ar™ ion laser line in backscattering
configuration at room temperature with the resolution of
lem™!.

The direct information on the influence of Mn doping on
the (Ga,Mn)As band structure can be obtained by the analysis
of the optical gap, which have been measured using low-
temperature photoreflectance (LT-PR) [26]. This nonlinear
optical technique gives sharp, derivative-like spectral features.
It provides an improvement in the accuracy over our ear-
lier photoreflectance studies performed at room temperature
[27-30]. Performing PR measurements at low-temperatures,
enables getting rid of the Franz-Keldysh oscillations—usually
occurring at room temperature and a sizable reduction of
the thermal broadening. LT-PR offers also an advantage over
other optical methods applied to (Ga,Mn)As [31-35], where
the optical response from the gap may be quenched by
defects and is marred by the hole plasma. Importantly, the
method allows to probe the valence-to-conduction band optical
transitions regardless of the Fermi level location within the
gap. Moreover, the analysis of the optical transition energies
enables elucidation of the behavior of the Fermi level in p-type
samples depending on the acceptor-doping level. Photore-
flectance spectroscopy measurements were performed using
a 371 nm pump beam wavelength ensuring that modulation
signal originates from the top part of investigated layers.
Spectrometer was set-up into the so called “dark” configuration
with a halogen lamp coupled with a monochromator as a probe
beam source. The signal was detected by a silicon photodiode.
The sample was cooled to 10 K with an optical closed-cycled
helium cryostat.

The magnetic properties were investigated using a Quantum
Design MPMS XL SQUID magnetometer equipped with a
low field option. The measurements were carried out down to
1.8 K, the base temperature of the SQUID system, and up
to 5 kOe. Important for this study the truly near-zero field
conditions in the magnetometer (H = 0.1 Oe, as established

using a Dy, O3 paramagnetic salt) were achieved in two steps.
First, before the low field measurements the magnetometer was
degaussed with an oscillating magnetic field of decreasing am-
plitude. Second, a soft quench of the SQUID’s superconducting
magnet was routinely performed prior to the zero-field studies
such as the thermoremnant moment (TRM, the measurement
of the remnant moment on increasing 7°) and during thermal
cycling of the sample brought beforehand to its remanence.
Each such cycle consisted of warming up of the sample to
a progressively higher temperature followed by recooling to
1.8 K. The latter measurement allows to distinguish a decaying
(with temperature) part of the sample remnant moment [that
is the dynamically blocked one by energy barriers] from that
related to the spontaneous magnetization in the equilibrium
state under the zero field conditions, if of course such contribu-
tions exist in the specimen. All these magnetic measurements
were carried out using about ~20-cm-long silicon strips to
fix the samples in the magnetometer and the adequate ex-
perimental code for minute signals measurements was strictly
observed [36].

To examine the VB dispersion and the density of states
in a low-Mn-doped ferromagnetic layer in situ angle-resolved
photoemission spectroscopy (ARPES) measurements have
been performed. The ARPES was measured at MAX-IV
national Swedish synchrotron radiation facility at I3 beam
line vacuum-connected to the SVTA III-V MBE chamber. The
sample was examined also by the low energy electron diffrac-
tion in ARPES preparation chamber which showed c(4 x 4)
and (1 x 2) surface reconstruction patterns for LT-GaAs and
(Ga,Mn)As, respectively. For photoemission experiments we
have used the excitation energy 22.5 eV and p polarization. For
ARPES measurement, the samples were cooled-down to about
20 K. For (Ga,Mn)As spectra we used smoothing procedure
based on cubic spline function fitting. Fermi level has been
determined using metallic Mn stripe located at the border of
the wafer.

III. RESULTS

High-resolution x-ray diffraction measurements show that
investigated LT-GaAs and (Ga,Mn)As epitaxial layers have
been pseudomorphically grown on GaAs substrate. Due to
the Mn-induced increase in the (Ga,Mn)As lattice parameter
[37] they are under compressive misfit strain. As typical
for (Ga,Mn)As and LT-GaAs epilayers deposited on GaAs
substrates, the layers are fully/coherently strained; i.e., they
have the same in-plane lattice parameter as that of the substrate.
Figure 1 demonstrates 20/w curves for the 004 Bragg reflec-
tions for all investigated samples. Clear x-ray interference
fringes visible for the (Ga,Mn)As layers with Mn content
x 2 0.9% imply a high structural perfection of the layers and
good quality of the interfaces. The layer thickness calculated
from the angular spacing of the fringes for the x = 1.6% layer
corresponds very well to the value derived from the MBE
growth parameters and SIMS measurements. On the other
hand, the lack of x-ray fringes for the layers with x < 0.3%
(including the LT-GaAs) indicates a very small difference
between the lattice parameters of these layers and the GaAs
substrate, highlighting a rather low concentration of the arsenic
antisite, Asg,, defects—in the range of 10" ¢cm—3 [37]. Indeed,
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FIG. 1. High-resolution x-ray diffraction patterns of the studied
layers: 004 Bragg reflections, 20/w scans (Acykeq1) for the LT-GaAs
and (Ga,Mn)As layers. The central narrow features correspond to
reflections from the GaAs substrate and the broader peaks at lower
angles, marked with arrows, are reflections from the layers. Their
positions for the LT-GaAs and (Ga,Mn)As layers with x = 0.0007%
and 0.02% are nearly indistinguishable from those of the GaAs
substrate. Mn contents quoted in the figure have been obtained from
the secondary ion mass spectrometry (SIMS) results.

the MBE growth was thoroughly optimized to minimize the
concentration of Asg, in (Ga,Mn)As. But, we expect higher
amount of Asg, defects in LT-GaAs than in the lowest doped
(Ga,Mn)As layers due to slightly lower growth temperature.
The samples were grown in close-to-stoichiometric conditions,
i.e., with carefully calibrated (Mn + Ga) vs As flux ratios;
entirely based on RHEED intensity oscillations measured both
for test samples and during the growth of actual LT-GaAs
and (Ga,Mn)As layers. Diffraction peaks corresponding to
(Ga,Mn)As epitaxial layers shift to smaller angles, with respect
to that of the GaAs substrate, as a result of larger perpendicular
lattice parameters. Their angular positions have been used
to calculate the perpendicular (c) and the relaxed lattice
parameters (a) of the layers, assuming the same elasticity
constants of (Ga,Mn)As as of GaAs [38,39]. In addition, the
out-of-plane strain in the layers, defined as (¢ — de])/drel, have
been calculated and listed in Table I. This table summarizes
also the values of Mn contents estimated by HR-XRD and
SIMS. We note quite a good correspondence between the two
methods. Throughout the rest of the paper the x values obtained
by SIMS are used to label the layers.

The results of the micro-Raman scattering spectroscopy
are shown in Fig. 2. In p-type GaAs, as well as in (Ga,Mn)As,
longitudinal-optical (LO) phonon mode couples with
the hole-gas-related plasmon forming so-called coupled
plasmon-LO phonon mode (CPPM) [40]. However, we do
not observe this feature in the spectra of the LT-GaAs and
(Ga,Mn)As layers withx = 0.0007% and 0.02%—here, only a
strong L.O phonon line and a very weak (symmetry forbidden)
transverse-optical (TO) phonon line located around 290 and

TABLE I. Mn contents obtained from the SIMS and HR-XRD
results, values of the out-of-plane strain obtained from the HR-XRD
results and hole densities estimated from the Raman spectra for LT-
GaAs and (Ga,Mn)As layers.

% Mn % Mn Out-of-plane strain ~ Hole density
(SIMS) (HR-XRD) +0.1(x107%) (cm™3)

0 (LT-GaAs) - 0.2 -
0.0007 - 0.2 -

0.02 - 0.9 -

0.3 0.3 14 2 x 108
0.9 0.7 32 5 x 10"
1.6 1.4 6.2 1 x 10%

265cm~!, respectively, are seen. Itis well known that an excess
of arsenic—mainly in the form of arsenic antisites, Asg, [41]
builds into GaAs at low temperature MBE growth conditions.
Asg, act as deep double donors and lead to an n-type hopping
conductivity in LT-GaAs. Similarly, very diluted (Ga,Mn)As
is n-type too, as shown for a comparable set of samples
characterized by thermoelectric power measurements [29]. A
threshold Mn concentration bordering n and p-type materials
depends on the actual concentration of Asg, donors and so
on the actual MBE chamber set up and the growth conditions.
In the case of the present set of samples about 0.3% of Mn
was needed to form the CPPM band in the Raman spectra,
indicating that around this concentration of Mn (Ga,Mn)As
turns p-type. A similar crossover from a fully compensated
to the p-type (Ga,Mn)As for x = 0.3% was observed earlier
as an anomalous behavior of the (Ga,Mn)As lattice parameter
dependence on the Mn content [37]. With further increase in x
the CPPM mode starts to dominate the spectra, simultaneously

Intensity (a. u.)

N | N ITO. | LO | N | N
220 240 260 280 300 320 340

Raman shift (cm ™)

FIG. 2. Micro-Raman spectra of the studied LT-GaAs and
(Ga,Mn)As epitaxial layers. Apart from the strong longitudinal optical
(LO) and transverse-optical (TO) (weak) phonon modes, a coupled
plasmon-L.O phonon mode (CPPM, hatched peaks) is seen, which
indicates a p-type character of the layers with x > 0.3%. The
estimated hole densities (in cm™) are given on the left-hand side
of the corresponding spectra.
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with its energy shifted towards the TO-phonon-line
wavenumber. This is the direct indication of an increasing
holes density with x, which can be quantified from the full
line-shape fitting. The procedure has been performed using
generalization of Drude theory of the CPPM, assuming
LO-phonon damping, effective masses of light and heavy
holes for GaAs and plasmon damping [42,43]. The values of
plasmon damping have been estimated basing on the typical
carrier mobilities, i.e., 15cm?/Vs (x = 0.3% and 0.9%) and
9cm?/Vs for sample with x = 1.6% [44]. The hole densities
determined this way are given here in Fig. 2 and listed in Table I.

Despite our best efforts [36], SQUID magnetometry has not
yielded any indication for ferromagnetic spin-spin coupling
down to 1.8 K in the studied layer with x up to 0.3%.
Specifically, neither open hysteresis curves nor a nonzero
remnant moment have been observed, down to the ultimate
magnetometer sensitivity of 5 x 10~ emu. This indicates that
up to this doping level the Mn subsystem retains predominantly
PM properties. The possible short range superexchange anti-
ferromagnetic Mn?>* — Mn?* or ferromagnetic Mn*+ — Mn3*
couplings evaded detection due to an insufficient amount of Mn
species present for such a low doping levels in 100-nm-thin
layers [45]. Interestingly, only the PM is seen in p-type 0.3%
sample, however, we note here that in the studied set of
samples, the 0.3% one has only “just” turned p type, and that
such a low hole concentration, of the order of 2 x 10'® cm—3
(well below the Mott critical concentration, pc ~ 102 ¢cm—3
[1]) is insufficient to bring up noticeable long-range spin-spin
interactions at the studied temperature range.

Remarkably, a further threefold increase in x (up to 0.9%)
and in p up to pc brings in a SP-like response. Its presence
is revealed by the weak field temperature-dependent studies
summarized in Fig. 3. The nonzero at the base temperature
and quickly decaying with temperature remnant signal (the
thermoremnant magnetization, TRM) associated with a clear
maximum present on the zero-field cooled (ZFC) trace are the
main features in this figure.

Such behavior strongly suggests a magnetically composite
(granular) constitution of the sample. The (blocked) SP char-
acteristics indicate that the FM coupling is already present
in this sample but is maintained only in mesoscopic volumes
which are dispersed in otherwise paramagnetic host. The
blocking feature emerges either due to the magnetic anisotropy
of these volumes (as discussed later) or due to their mutual
dipolar interaction. The average size of these magnetic entities
can be assessed from the magnitude of the temperature at
which the maximum on the ZFC is seen (4 K). This so-
called (mean) blocking temperature (75) of the distribution
is related to the (mean) volume (V) in which this local FM
coupling is maintained through: 25k Tg = KV, where K, the
anisotropy constant in (Ga,Mn)As ranges between 5000 and
50000 elrg/cm3 [46], kg is the Boltzmann constant, and the
factor 25 is set by the experimental time scale—about 100 s,
in SQUID magnetometry. From these numbers, we conclude
that this mean volume corresponds to a sphere of a diameter
between 8 and 20 nm, what indeed confirms a mesoscopic
extent of the FM coupling. Further evidence confirming the
magnetically inhomogeneous structure of this layer comes
from thermal cycling of the TRM (detailed in the Experimental
section and presented in Fig. 3). This experimental protocol
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FIG. 3. Low field temperature-dependent studies of x = 0.9%
(Ga,Mn)As layer. Circles indicate thermoremnant magnetization
(TRM) measured in two modes. Dark ones are obtained during a single
shot warming from the base temperature (7, = 1.8 K) until above
the signal vanishes and during recooling to 7; at the same zero field
conditions. Light circles indicate thermal cycling of the TRM between
Tp and progressively higher temperature (7; through 7) according to
the pattern presented in the inset. The triangles indicate temperature
dependencies of magnetization measured at 30 Oe according to the
well-established routine of a zero field cooled (ZFC, full triangles)
and field cooled (FC, open triangles) states of the sample. 7 marks
the mean blocking temperature and the arrows indicate the directions
of temperature sweeps.

reveals that the remnant magnetization gets visibly reduced
only during the incremental warmings (from 7; to T;4),
following the original TRM. Otherwise, it stays fairly constant,
being in particular insensitive to 7" variations in any directions
between the current 7; and 7y. This clearly indicates the
decisive role of the thermal agitation over the individual energy
barriers specific to each mesoscopic FM volume. Finally, a
lack of any magnetic moment exerted by this sample during
recooling at the same H = 0 from above a temperature at
which the TRM dropped to zero confirms the absence of a
long range magnetic order, despite the existence of a nonzero
TRM at the first place. Interestingly, the magnetic properties of
the x = 0.9% sample correspond qualitatively to the properties
of (Ga,Mn)As shells overgrown on (In,Ga)As nanowires [47].
The common denominator for these two morphologically dif-
ferent (Ga,Mn)As systems is their insufficient hole density to
globally support the long range FM order, however, sufficiently
large to maintain it locally, on mesoscopic length scales [48].

The next incremental step up in x to 1.6% brings in a new
feature, the global extent of the FM coupling. We substantiate
this claim by observing that for this sample, as exemplified in
Fig. 4, the TRM measurement performed along [-110] in-plane
direction shows now a Brillouin-like concave curvature and
a quite rapid roll-off to zero at a certain temperature, which
we identify as the T¢ for this system. More importantly, on
the recooling from above 7 the data follow exactly the set
recorded during the initial TRM. Such an observation of the
appearance of a spontaneous magnetization (My) at zero-field
conditions below a certain temperature is the direct prove of
the existence of the global extent of the FM order. It should
be noted, however, that the same magnitude of both remnant
and spontaneous magnetizations is only possible due to the
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FIG. 4. Coexistence of mesoscopic and microscopic ferromag-
netic orders in x = 1.6% (Ga,Mn)As layer. Bullets and diamonds
of light and dark hues of green and blue indicate thermoremnant
magnetization (TRM) and the recooling measurement to the base
temperature at the same H = 0 condition along [-110] and [110]
in-plane orientations, respectively. T marks the Curie temperature
for this sample. The triangles indicate temperature dependences of
magnetization measured at 30 Oe according to the well-established
routine of zero field cooled (ZFC, full triangles) and field cooled (FC,
open triangles) states of the sample. 7 marks the mean blocking
temperature. Full squares indicate magnetization at 5 kOe. The
arrows indicate the directions of temperature sweeps. The inset shows
isothermal magnetization field sweeps at 20 K for [-110] (bullets) and
[110] (squares).

existence of a relatively strong in-plane uniaxial magnetic
anisotropy (UMA) [46,49] in (Ga,Mn)As, as exemplified in
the inset to Fig. 4. We finally infer from Fig. 4 that despite the
presence of the strong UMA the magnitude of both Mg and
TRM is markedly smaller than the saturation magnetization,
approximated here as the magnetization recorded at H =
5kOe—meaning that only a part of the Mn spins present
in the layer contributes to this global coupling. This is a
typical feature of (Ga,Mn)As at the localization threshold,
a similar effect was reported for a thick x = 7% insulating
layer [50]. The composite constitution of this layer is further
confirmed by a notion that low-7" magnitudes of remnant
moments measured along the two orthogonal in-plane (110)
uniaxial directions add up to about 3.2 g per Mn atom, where
up is the Bohr magneton. Given an uncertainty of the ratio
between magnitudes of the magnetic moments at the remnant
and saturated states of the blocked SP, this value compares
favourably with the value of 4 up if the hole magnetic moment
(—1 up) is taken into account.

To establish the magnetic properties of these spins which
do not contribute to My, the temperature-dependent studies at
H = 0 along the uniaxial hard, the [110] direction, have been
performed (guided by the Ref. [2]), as owing to the UMA, no
magnetic response specific to My is expected at these condi-
tions. On the contrary, as documented in Fig. 4, a magnetic
remanence, comparable in magnitude to that recorded along
the easy axis, is seen at the lowest temperatures. However, the
presently observed TRM vanishes substantially quicker and on
recooling virtually none magnetic signal has been picked up
by the magnetometer. We finally note that, qualitatively, the

magnetic response along [110] direction is the same as that of
the x = 0.9%, the SP sample.

To further confirm the SP-like nature of this additional mag-
netic signal in the sample in which otherwise a clear thermo-
dynamic phase transition is seen, analogously to the previous
sample, ZFC-FC temperature cycling has been performed at
30 Oe. These measurements, when performed for [-110] orien-
tation (for which the M is probed) gave practically the same re-
sults as those obtained during H = 0 temperature cycling (the
TRM and the subsequent re-cooling, not shown in Fig. 4 for
the clarity of presentation)—an expected result for a magnetic
system at the saturation. However, the ZFC-FC measurement
performed along the orthogonal, [110]—the FM hard, direction
yielded a strong response exhibiting all features seen already
in the SP sample. Namely a clear maximum on ZFC related
to dynamical blocking and a strong bifurcation between ZFC
and FC developing below 7y = 10 K. This higher value,
corresponding to somewhat larger diameter of 10 to 25 nm,
is understood to be related to the lager x and p in this layer.

Two important facts should be stressed here. First, we note
that this sample directly corresponds to the (Ga,Mn)As samples
studied by gating in Refs. [2] and [50], or as a function of
thinning [51], where it was shown that despite a homogenous
Mn distribution—for hole densities corresponding to the
localization boundary both global and mesoscopic FM orders
coexist in one sample and that relative contribution of these
FM and SP components is primarily hole concentration
dependent. However, these two groups of samples were
brought into the verge of localization by two different ways.
The sample from Refs. [2,50], and [51] are high x and high
p very thin (Ga,Mn)As layers in which localization threshold
was induced by a relatively sizable surface depletion caused
by the native oxide (consuming up to nearly top 50% of the
whole few nm thin layer). In the 100-nm-thick layer studied
here the localization threshold is imposed (globally) by a low
magnitude of p assured by a rather low magnitude of x and,
likely, further reduced by compensating point defects such as
Asg,. Second, the possibility of such a clear cut experimental
separation between the SP and the FM components coexisting
in one material is possible only due to mutually orthogonal
magnetic easy axes of both components, a feature brought
about by a strong hole density dependent magnitude and sign
of the UMA in (Ga,Mn)As. It involves two spin reorientation
transitions (SRT), one of them taking place for low p values
[52,53]. We argue, therefore, that it is that low p SRT of the
UMA that differentiates the spatial orientation of the magnetic
easy axes of the mesoscopically limited FM order (of overall
SP characteristics) developing in regions of the sample with
reduced hole densities [48] from the global FM one brought
aboutin that part of the sample in which itinerant holes dwell. In
(Ga,Mn)As this situation takes place for p < 6 x 10 cm~3,
since above this hole density the uniaxial magnetic easy axis
of the long range part rotates again to [110] direction [52].

To conclude this part, we note that upon further increase
in x, and hence p, augmented sizably toward the limit of p =
x Ny by the low-temperature annealing [54,55], the SP-like
contribution leaves completely to the homogenous itinerant
ferromagnetism whose micromagnetic properties are now very
well understood [46,56].
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FIG. 5. (a) Normalized low-temperature photoreflectance spectra AR /R of the LT-GaAs and (Ga,Mn)As layers (open circles). Solid line
indicates cumulative fit of number of fitted third derivative line-shape (TDLS) features. The transition energies are denoted by arrows. Parameters
of the single TDLS components of each spectrum have been used to calculate Kramers-Kronig (KK) modulus. (b) Results of KK integration
of the LT-PR spectra fitted components. For x = 0% (LT-GaAs layer) the two, heavy-hole (HH) and light-hole (LH) subbands related, features
can be observed (diagonally hatched). An addition of Mn to GaAs changes the spectra by appearance of the low energy feature (solid filled one,
marked with “Mn”) together with the energy separation of the rest of the features. Turning the conductivity, from n- to p-type, for x > 0.3%,
modifies the character of the spectra into two broadened features instead of three. Generally, with increasing x the spectra tend to move to

higher energies.

Photoreflectance (PR) studies have been performed to
resolve the optical-energy-gap evolution in (Ga,Mn)As with
increasing Mn content modifying also their magnetic and
electronic properties.

The collected raw derivative-like LT-PR modulated reflec-
tivity (AR/R) spectra, presented by open circles in Fig. 5(a)
have been fitted using Aspnes’s third derivative line shapes
(TDLS) [57,58]. The deconvolution procedure has been per-
formed using the lowest amount of TDLS features (max. 3) that
maximizes the coefficient of determination > (deconvolution
shown in Supplemental Material, Fig. S1 [59]). Measurements
probed with an approximately 0.0003 eV step ensure unique
fits for the three fitted TDLS features with four free parameters
for each one. The single spectral components have been inte-
grated using the Kramers-Kronig (KK) relations [60]. This pro-
cedure facilitates an analysis of the critical-point energies by
tracking a maximum of the KK modulus, shown in Fig. 5(b). As
expected, the LT-PR spectrum of the reference LT-GaAs layer
exhibits two contributions [marked with diagonal hatching in
Fig. 5(b)] of similar energy, representing optical transitions
between the heavy (HH) and light-hole (LH) valence subbands
and the conduction band (CB). Relative intensities of the peaks
imply a higher density of states of the HH sub-band than
in LH sub-band. In turn, the LT-PR spectra of (Ga,Mn)As
with x = 0.0007% and 0.02% display, in addition to the
two valence-band contributions, additional lower-energy peak
[denoted by the dark solid filling in Fig. 5(b)]. Moreover, the
valence-band-related optical transitions differ from those of the
LT-GaAs spectrum—they are energetically separated and blue-
shifted with respect to those of the undoped layer. Additionally,
the widths of the peaks are much reduced with respect to
those of the LT-GaAs. This narrowing is brought by slightly
higher growth temperature of the two n-type (Ga,Mn)As films

comparing to LT-GaAs resulting in generation of less Asg,
trap states within the band gap. It results in increase in the
lifetime of photogenerated carriers and therefore decrease the
PR feature broadening.

For the (Ga,Mn)As layers with x > 0.3% the structure of
the LT-PR spectra is significantly changed, only two features
are seen. In the x = 0.3% layer the lower-energy peak is red
shifted with respect to the heavy hole feature in the spectrum
of x = 0.0007% layer. However, for the other layers the low
energy peak, which becomes dominant, slightly shifts to higher
energies and the separation between the two features increases
with x. Moreover, the two features become broaden and their
relative intensities indicate modification of the VB edge with
increasing Mn content as well.

A complementary information about the (Ga,Mn)As band
structure can be obtained from angle-resolved photoemission
measurements. As long as the photoreflectance spectroscopy
probes bulk properties of (Ga,Mn)As layers and the surface
conditions do not significantly influence the spectra, the
photoemission experiment with low photon energies (below
100 eV, as applied here) is surface sensitive. Earlier studies
of the VB dispersion were conducted via ex situ ARPES
[18,19,21]. Recently, ARPES (using a portable vacuum trans-
fer chamber) and He discharge lamp as the incident radiation
source was used to study the Fermi level position in (Ga,Mn)As
by Souma et al. [61]. Similarly, only very limited number of
integrated photoemission studies on synchrotron beamlines
were performed using the samples transferred from MBE
growth chambers without air exposure [20,62]. Because of the
significant influence of the growth conditions [37] and surface
quality on the experimental spectra the authors of measure-
ments using synchrotron radiation came to contradicting con-
clusions [18,19,61-64]. It has to be stressed that due to the high
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FIG. 6. Low-temperature (= 20 K) ARPES of (a) LT-GaAs and
(b) (Ga,Mn)As 1.6% Mn. Heavy (HH) and light (LH) hole subbands
as well as split-off energy (Aj) are denoted by arrows in (a),
distinguishable only in the case of LT-GaAs spectrum. Low-doped
ferromagnetic (Ga,Mn)As epitaxial layer spectrum reveals drop of the
photoemission intensity below the Fermi level what does not allow to
distinguish GaAs VB features.

max.

reactivity of (Ga,Mn)As surface and the metastable character
of this compound the only reliable, ARPES measurements are
those which have been done either with use of the MBE growth
setup vacuum connected to ARPES analytical chamber, or with
the samples transferred between MBE and ARPES in ultrahigh
vacuum conditions (e.g., in vacuum suitcase), on the condition
that this is done properly. It has been demonstrated repeatedly
(Ref. [62] and the references therein) that ARPES results
obtained with (Ga,Mn)As samples exposed to air, or even pro-
tected with amorphous As capping, and subjected to thermal
annealing and/or Ar* ion bombardment to get clean oxide-
free surface indispensable for ARPES measurements (e.g.,
Refs. [18,64]) do contain artefacts hampering correct interpre-
tation of the ARPES data (Ref. [62] and discussion therein).

To avoid the issues of the metastable character of
(Ga,Mn)As solid solution (it decomposes when annealed at
temperatures only slightly exceeding the growth temperatures)
[65,66] and of a high reactivity of Mn-rich (Ga,Mn)As surface
[62,67], we present here results of the in sifru ARPES measure-
ments. To this end two freshly grown samples: the x = 1.6%
ferromagnetic (Ga,Mn)As and the reference LT-GaAs layers
have been transferred directly (i.e., in an ultrahigh vacuum
environment) from the SVTA III-V MBE growth chamber to
the ARPES setup [62]. The region of the Fermi level, Eperpi,
and the VB maximum, E,x, have been analyzed at about 20 K
and the results are displayed in Fig. 6.

In the case of LT-GaAs the spectrum clearly reflects the cur-
vature of the VB dispersion with heavy hole and split-off bands.
Fermi level is located within the band gap due to an amount of
Asg, donor defects originating from low temperature growth

conditions [62]. In Fig. 6(b), it is clearly visible that Mn doping
significantly modifies the VB structure of (Ga,Mn)As below
the Fermi level and causes a deformation of the spectrum what
does not allow to establish clear band edge of split-off band as
in the case of LT-GaAs [Fig. 6(a)]. The lack of the sharp band
edges (as compared to LT-GaAs) and systematic decrease in the
photoemission signal with approaching Erermi can be observed.
Moreover, there is no increase in the photoemission signal near
the Fermi level, which precludes the existence of a detached
band-related density of states. The ARPES spectra presented
here are in agreement with those of Ref. [62] and recent results
from Ref. [61] for low T (Ga,Mn)As and thus low influence of
the Coulomb blockade on the density of states near the Fermi
level can be inferred.

IV. DISCUSSION AND CONCLUSIONS

All the experimental findings presented here converge into
a cohesive picture of the evolution of the electronic properties
of (Ga,Mn)As in the low concentration limit. The studied
concentration range, from x = 0% to 1.6% proved sufficient to
span both the “intrinsic”’—presumably n-type and the p-type
conductivity limits and to identify Mn concentration 0.02% <
Xxp, < 0.3%, to be the bordering one. Most of the features
observed in the layers with x < xy are very similar (if not iden-
tical) to those observed in the reference LT-GaAs layer. This is
the case of the HR-XRD, the micro-Raman spectroscopy, and
the sensitive SQUID magnetometry. However, the Mn-related
impurity states have been revealed by the LT-PR studies, which,
in addition to two higher-energy HH and LH peaks, yielded
an additional below-band-gap peak. The appearance of this
feature evidently resulting in a red shift of the optical gap tran-
sition energy in fully compensated (Ga,Mn)As as compared to
LT-GaAs obtained from the analysis of the room temperature
PR spectra reported previously [29]. The presence of Mn
extended states in the band gap influences the hybridization of
the VB states, which leads to the HH-LH splitting observed as
alow- and high-energy peaks in the KK analysis of LT-PR. The
comparison between the LT-GaAs and x < x;, (Ga,Mn)As case
are schematically sketched in Figs. 7(a) and 7(b), respectively.

The LT-PR picture changes completely when x exceeds xp.
Now, only two broadened features are seen. The lack of the op-
tical transition related to filled Mn impurity states and a broad-
ening of the two remaining optical transitions are indicative
that Fermi level has nested in the VB. Indeed, as established by
HR-XRD, the increasing incorporation of Mn compressively
strains the (Ga,Mn)As layers. Such relatively small changes
of the resulting out-of-plane strain (Table I) indicate its rather
small influence on the energy positions of the spectral features
in the LT-PR spectra. Considering the shear potential (b =
—2¢eV), elastic constants (C;; = 119 GPa, C;, = 53.8 GPa),
and spin-orbit splitting (Ag = 0.34eV) for GaAs the HH-LH
splitting at k = 0 can be estimated to be approximately 2 meV
even forx = 1.6%—much smaller than we observe. Therefore,
the splitting of the two features can be explained by the
transitions occurring at k # 0 making HH-CB transition higher
in energy than LH-CB due to Fermi level position, as sketched
in Fig. 7(c). In the x = 0.3% case the observed red shift is due
to the carrier-induced many-body band-gap renormalization
(BGR) [29,56,68], which prevails over the band filling for such
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FIG. 7. Schematic valence-band diagram for (a) LT-GaAs, (b)
n-type, and (c) p-type (Ga,Mn)As. Arrows indicate interband optical
transitions. For LT-GaAs the transitions originating from heavy-
and light-hole subbands (denoted by HH and LH, respectively) to
conduction band (CB) at the I' critical point of the Brillouin zone
are indicated. For n-type (Ga,Mn)As an additional below-band-gap
feature, arising from the filled Mn states, appears together with a
small splitting of the valence subbands, and the Fermi level moves
downward with increasing Mn content due to the compensation of
Asg,-related donors. For p-type (Ga,Mn)As the Fermi level lies
within the strongly disturbed VB, which, in turn, is extended into
the band gap as a result of the carrier-induced many-body effects.
The Fermi level position in p-type (Ga,Mn)As is determined by the
valence-band filling and many-body effects.

alow p. Accordingly, the similar magnitudes of the peaks in the
spectra support a shallow Fermi level position in the VB. In line
with such an interpretation, the low- and high-energy peaks in
the KK analysis can be attributed to LH-CB and HH-CB optical
transitions, respectively. Such a scenario calls for the p-type
character of all x > 0.3% layers and indeed it is corroborated
by the micro-Raman studies, which indicated the presence of
the hole-related CPPM structure whose intensity increases with
x. However, on increasing x, an expected sizable blue shift of
the optical gap due to the Moss-Burstein effect has not been
observed. This is a further consequence of the BGR-related
narrowing effects which also arise with the increase in p.
Nevertheless, the lowering of the Fermi level postulated here
is directly reflected in the changes of the amplitude ratio and
the broadening of these two LT-PR peaks. In the first case,
the optical transition probability decreases with k vector value
moving further away from the critical point of the band struc-
ture (k = 0, I" point of the Brillouin zone). The latter one results
from a decrease of a finite lifetime of photogenerated carriers
by their interaction with itinerant hole plasma which increases
the transition energy uncertainty. The picture of the band
structure drawn by this interpretation is supported by the in situ
ARPES studies which revealed perturbed but unitary structure
below the Fermi level for x = 1.6% ferromagnetic sample.

In parallel, the increase in the Mn incorporation into GaAs
results in a remarkable evolution of the magnetic properties
from a weak paramagnet through the superparamagnetic-like
inhomogeneous ferromagnet (with the coupling being effective
on 10-20 nm length scale), up to the long-range homogenous
itinerant ferromagnetic material. The experience accumulated

so far allows saying that these three basic types of magnetism
can coexist in any sample in a degree depending on the Mn
concentration and its spatial distribution, growth protocol,
thickness of the layer, its post growth thermal history, and
on the strength of various physical fields applied—to name
the most significant parameters. The research presented here
points clearly out that there is a kind of a threshold p/x ratio,
or a maximum compensation degree above which neither the
global nor the mesoscopic FM coupling develops in DFS. This
is seen in our x = 0.3% layer. The Raman studies prove that
itis p-type, and it owes this to a rather uncommonly met very
low concentration of hole-compensating donor Asg, defects,
as indicated by HR-XRD. However, its hole density is so low
that it does not exhibit any signs of a FM coupling above 2 K. It
remains paramagnetic as long as magnetic studies at 7 > 2K
can tell. This fact implies that the Mn-induced modification
of the (Ga,Mn)As VB observed in the LT-PR occurs for Mn
content much lower than that, required for the development of
the ferromagnetic coupling, as predicted by recent calculations
[69]. On the other hand, and perhaps most importantly, the
combined magnetic and LT-PR studies presented here uni-
vocally indicate that the PM <> FM transformation in carrier
mediated DFS takes place without corresponding or underlying
changes of the character of the valence (in the case of holes)
band. The whole process is rooted in the nanoscale fluctuations
of the local density of states (LDOS) and the SP-like “phase”
can be regarded as the cornerstone of the DFS magnetism,
serving as the pillar supporting the bridge spanning both PM
and FM thermodynamic phases. It is worth noting that the
nanometre extent of the FM coupling of the SP component,
already seen before in Refs. [2,47,50,51,70,71], and confirmed
here, agrees well with the extent of the spatial variations in the
LDOS in the VB recognized in a similar (Ga,Mn)As layer
by a scanning tunnelling microscopy [72]. The mesoscopic
character of this magnetism calls rather for a proper quantum
mechanical description.

Another point worth strengthening here is the role of the
correct approach of the magnetic measurements. It is relatively
easy to assign the signal of the SP-like response to the FM
one. The most prominent example comes from Fig. 3, which
indicates that if the “zero-field” measurements were performed
at 30 Oe, that is if the “remnant moment” was probed at 30, or
even 50 Oe, as some authors did [73,74], the SP nature of this
p =5 x 10" cm~3 sample would have never been unveiled;
moreover, this sample would have been classified as a truly FM
one with a “T¢” of about 12—15 K, falsely directing to wrong
conclusions.

In brief, our results of the optical-energy-gap measurements
supported by the complementary characterization provide an
important insight into the dispute on the Fermi level behavior in
(Ga,Mn)As. By applying the high-spectral-resolution optical
studies, supplemented with electronic, magnetic, and structural
characterization, we have found that modification of the GaAs
VB caused by Mn incorporation occurs already for a very low
Mn content, much lower than that required to support long
range ferromagnetic spin—spin coupling in (Ga,Mn)As. Mn
doping creates itinerant hole plasma within the structurally
unitary VB. Therefore the magnetism observed in (Ga,Mn)As
is driven by the VB holes however its fine details are strongly
dependent on the local electronic configuration. Only for
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n-type (Ga,Mn)As the Mn-related extended states are visible
as a feature detached from the valence-band edge and partly
occupied with electrons.
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