PRL 107, 197601 (2011)

PHYSICAL REVIEW LETTERS

week ending
4 NOVEMBER 2011

Magnetic Linear Dichroism in the Angular Dependence of Core-Level Photoemission
from (Ga,Mn)As Using Hard X Rays

K. W. Edmonds,' G. van der Laan,” N.R.S. Farley,' R. P. Campion,' B. L. Gallagher,'
C.T Foxon,1 B.C.C. Cowie,3 S. Warren,4 and T. K. Johal*
School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, United Kingdom
*Diamond Light Source, Chilton, Didcot OX11 ODE, United Kingdom
3European Synchrotron Radiation Facility, 6 rue Jules Horowitz, B.P. 220, F-38043 Grenoble Cedex, France

“Daresbury Laboratory, Warrington WA4 4AD, United Kingdom
(Received 8 August 2011; published 1 November 2011)

We report a study of the electronic properties of the ferromagnetic semiconductor (Ga,Mn)As using
magnetic linear dichroism in the angular dependence of Mn 2p photoemission under hard x-ray
excitation. Bulk plasmon loss satellites demonstrate that the probed Mn ions are incorporated deep within
the GaAs lattice, while the observed large dichroism indicates that the spectra originate from ferromag-
netic substitutional Mn. Simulations of the spectra using an Anderson impurity model show that the
ferromagnetic Mn 3d electrons of substitutional Mn in (Ga,Mn)As are intermediate between localized and

delocalized.
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Ferromagnetism in the diluted magnetic semiconductor
Ga,;_,Mn, As has attracted considerable interest. The Mn
substitutional acceptor provides charge carriers (holes)
and also has a partially filled d-electron band with a net
magnetic moment. In order to achieve ferromagnetic order-
ing, it is necessary to dope to concentrations x = 1%, an
order of magnitude larger than the equilibrium solubility,
necessitating an off-equilibrium growth technique such as
low-temperature molecular beam epitaxy [1]. As a conse-
quence, it is extremely challenging to obtain a clean,
ordered, and defect-free surface. Moreover, at high con-
centrations Mn is incorporated on both substitutional ac-
ceptor and interstitial donor sites [2]. These problems have
inhibited a clear understanding of the material properties of
Ga;_,Mn, As. Core-level [3] and valence band [4] x-ray
photoemission spectroscopy (PES) have been performed in
order to study the local density of states and p-d hybrid-
ization, but it remains to be seen whether the states probed
in these studies are really representative of substitutional
Mn in ferromagnetic Ga; _,Mn As [5,6].

In core-level PES, a core electron is excited into a
continuum state which has no interaction with the atom
left behind. The core hole with its attractive Coulomb
potential can be used as an internal probe to study the
electronic response of the local valence electrons. Hard
x-ray PES (HAXPES) has recently emerged as an impor-
tant extension of this technique, offering a more bulk-
sensitive probe due to the much longer photoelectron
mean free path (typically 2-10 nm) compared to the
more commonly used soft x-ray or ultraviolet excitation.
This has enabled, e.g., the nondestructive analysis of
buried layers and interfaces [7], and the discrimination of
bulk and surface related features [8]. Furthermore, using
polarized x rays, it is possible to measure the magnetic
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dichroism in HAXPES in order to probe the magnetic
properties [9]. HAXPES studies of Ga;_,Mn,As have
indicated the importance of Mn diffusion and surface
buildup during low-temperature annealing, resulting in a
core-level photoemission spectrum dominated by surface
oxides even at high energies [10]. More recently, signa-
tures of both substitutional and interstitial Mn were re-
ported in Mn 2p HAXPES and photoelectron diffraction
studies of Ga;_,Mn,As [11]. However, the interpretation
of these signatures, and their implications for the electronic
structure, require detailed experiments and calculations
using, e.g., Anderson impurity model calculations [12].

Here, we present a study of Mn 2p core-level PES from
Ga;_,Mn,As using hard x rays. We observe a clear sig-
nature of Mn in bulklike substitutional sites, including the
appearance of bulk plasmon loss features as well as a
strong magnetic linear dichroism in the angular depen-
dence of photoemission (MLDAD) which uniquely probes
the ferromagnetic sites [13].

The PES intensity is a product of photon energy, geo-
metric, and radial dependent terms [14]. MLDAD requires
a chiral geometry of the three unit vectors f’, M, and k for
the linear polarization, magnetization direction, and photo-
electron emission direction, respectively [15,16]. When
these vectors are neither coplanar nor mutually perpen-
dicular, reversal of (the odd vector) M results in a geome-
try with opposite handedness. The chiral geometry is
shown in the inset of Fig. 1. By using the handedness of
the photoemission experiment, one is able to measure with
linear polarization the same dichroism as with circularly
polarized x rays in collinear geometry. Charge contribu-
tions disappear in the difference spectrum (the MLDAD)
and the remaining term is due to the interference of the
outgoing € = ¢ £ 1 continuum states excited from the ¢
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FIG. 1 (color online). Kinetic energy dependence of the nor-
malized MLDAD for Mn 2p PES, which is proportional to
RZp,EsRZP,ad Sin(ass - 6sd)/(|R2p,sx|2 + 2|R2p,sd|2)- The inset
gives the chiral geometry for M, P, and k used in the
MLDAD experiment showing two different sample positions.
Also shown is the MLDAD angular distribution, which is pro-
portional to sin?@sin2¢» when =M || z, P || x, and k(6, ¢). In
the experiment, # = 90° and ¢ = 45°.

core shell. The photon-energy dependent part of the
MLDAD signal is proportional to the orbital polarization
of the created core hole. This polarized core hole has
electrostatic (Coulomb and exchange) interactions with
the valence electrons. In contrast to x-ray magnetic circular
dichroism (XMCD) in x-ray absorption, where the core
electrons are directly excited to 3d states, for core-level
PES there will be no 3d orbital selectivity, and the spectral
shape of the MLDAD is independent of the measurement
geometry. However, the created core hole provokes a
strong screening of the valence electrons, which in the
case of MLDAD is strongly spin dependent, resulting
in sensitivity to the 3d electron localization at ferromag-
netic sites.

The angular dependence is proportional to the scalar
vector product P - (k X M)(P - k), which is plotted in
the inset to Fig. 1 [16]. The radial part of the electric-
dipole transition probability is proportional to
Ry¢— 1R ¢s18in(8¢—1 — 8¢41), where Ry ¢~ are the radial
matrix elements and d,+; the phases of the outgoing
& = { £ 1 continuum states. The calculated kinetic energy
dependence of the MLDAD signal for Mn 2p PES is
plotted in Fig. 1. The signal crosses zero around 500 eV
due to the disappearance of the phase difference between
outgoing waves, but then reverses sign and strongly gains
in magnitude for kinetic energies in the keV range.
Therefore, a high x-ray energy is strongly favorable for
the measurement of MLDAD, and enables the capture of
bulk magnetic properties. Furthermore, the high kinetic
energy ensures that the outgoing electron has no interac-
tion with the atom left behind, an important condition for
accurate model calculations.

The Ga,_ Mn,As films were grown by low-temperature
(200-270 °C) molecular beam epitaxy on GaAs(001)
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FIG. 2 (color online). Mn 2p HAXPES spectra for two etched
Ga;_,Mn, As films with x = 1.5% and 8% and for the x = 8%
film prior to etching. The measurements are taken at room
temperature using a photon energy of 3670 eV.

substrates. Films of thickness from 10 to 50 nm and
Mn concentration x from 1.5% to 8% (estimated from
the incident flux rates) were studied. After growth, the
films were annealed in air at 190 °C for several hours in
order to remove interstitial Mn defects from the lattice. To
remove the resulting Mn-rich surface oxides, the film
surfaces were etched in concentrated HCI and rinsed in
deionized water just prior to mounting the samples in the
HAXPES chamber [17].

The HAXPES measurements were performed on beam
line ID32 at the European Synchrotron Radiation Facility,
Grenoble [18], using linearly polarized hard x rays. The
photon energy used was 3670 eV for the PES measure-
ments at room temperature (Figs. 2 and 3), and 4385 eV for
the PES and MLDAD measurements at low temperature
(Fig. 4) corresponding to a photoelectron attenuation
length for Mn 2p emission of 3—4 nm [19]. The emitted
electrons were collected in a hemispherical electron energy
analyzer at an angle of 45° with respect to the x-ray
incidence direction. The sample was aligned either at
normal x-ray incidence (emission at 45° to sample plane)
or normal emission (x-ray incidence at 45° to sample
plane). For the MLDAD measurements, the sample was
magnetized in situ along its in-plane uniaxial easy mag-
netic axis, using Helmholtz coils attached through an ultra-
high vacuum feedthrough to a pulsed current power supply.
The magnetization direction was perpendicular to the
plane containing the x-ray linear polarization vector and
the photoelectron emission direction (see inset to Fig. 1).

Figure 2 compares Mn 2p photoemission spectra taken
at a photon energy of 3670 eV for two Ga,;_,Mn, As
films with x = 1.5% and 8%, as well as for the same 8%
doped film before HCI etching. Aside from an expected
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FIG. 3 (color online). (a) Mn 2p and (b) Ga 2p HAXPES
spectra for a GaggoMngogAs film. The vertical dashed lines
locate the positions of the 2p;/, photoelectron peak and asso-
ciated plasmon loss satellite. The horizontal lines span the
16.5 eV characteristic energy loss of the plasmon satellites.
The thin line in (a) shows the satellite region of the spectrum
after subtracting a linear background and enlarging by a factor of
4. The measurements are taken at room temperature with a
photon energy of 3670 eV.

difference of a factor of ~5 in intensity, the photoemission
spectra from the etched films are very similar. In contrast,
for the unetched film, the 2 p photopeaks are shifted to 2 eV
lower energy, consistent with previous studies [10,11].
This is due to the oxide layer present on the surface of
the unetched film [17].

A number of significant features are visible in the Mn 2p
spectra from the etched films. The 2p;/, spectrum consists
of a main peak and a broad satellite at ~4 eV higher
binding energy. Such satellite structures are typically
observed in core-level PES from transition metal com-
pounds due to multielectron effects. As shown below, the
main peak is actually composed of a series of exchange-
split peaks corresponding to different final-state electronic
configurations. In addition, a large broad peak is observed
at 16.5 eV below the 2p;/, peak. This peak is a bulk
plasmon loss feature, as discussed below.

Figure 3 shows the plasmon loss structures at the Mn
2p and Ga 2p peaks. Satellites can be observed separated
by the characteristic bulk plasmon energy of 16.5 eV from
the 2p3/, and 2p,/, main peaks of both Mn and Ga.
Higher-order bulk plasmon satellites associated with the
Mn 2p;,, peak can also be observed. The observation of
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FIG. 4 (color online). Magnetic dichroism in photoemis-
sion from (Ga,Mn)As: (a) experimental HAXPES (thin line =
+magnetization, thin line = —magnetization) at normal emis-
sion, and calculation. The well-screened and poorly screened peak
in the 2p3/, structure are indicated by A and B, respectively.
(b) Experimental MLDAD (points = normal x-ray incidence,
line = normal emission), and calculations for an Anderson im-
purity model with V = 2.5 eV, a fully localized d° state, and an
itinerant electron model. The calculated curves are offset for
clarity. The sample temperature is 40 K and the photon energy
is 4385 eV.

such satellites, associated with the excitation of a plasmon
within the bulk crystal by the emitted photoelectron, is a
strong indication that the measured HAXPES spectrum of
the etched film corresponds to Mn incorporated within the
GaAs lattice.

To perform the MLDAD measurements, the x = 8%
sample was cooled to 40 K (well below the ferromagnetic
transition temperature of ~160 K) and Mn 2p spectra were
recorded for opposite orientations of the sample magneti-
zation. The resulting spectra are shown in Fig. 4. A sizable
difference—the MLDAD signal—is observed, consisting
of a sharp negative peak at the lowest binding energy,
followed by a smaller positive peak and then a positive
plateau up to the 2p;,, peak. MLDAD measurements
obtained for normal emission (45° x-ray incidence) and
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normal incidence (45° electron emission) cf. inset Fig. 1,
have the same spectral shape. The MLDAD signal at the
2py, has reversed sign from the 2p;/, peak, due to the
core-hole spin-orbit interaction. Because the light interacts
only with the orbital part of the wave function, the
MLDAD (or MCD) signal is proportional to the core-
hole orbital moment [15,16]. Because of the presence of
exchange interaction, spin-up states within each core j
level will have a higher binding energy than spin-down
states. For the j = 3/2 levels, the spin and orbital moments
of the core hole are coupled parallel, while for the j = 1/2
they are coupled antiparallel, leading to the distinctive
(—, +, +, —) signature seen in Fig. 4(b).

The photoemission and MLDAD spectra for the transi-
tions 3d" — 2p>3d" & can be calculated using an Anderson
impurity model (AIM) taking into account configuration
interaction in initial and final states [12,14]. The wave
functions are given as coherent sum over d", d"''L,
d""2L?, ... configurations, where L denotes a hole in the
ligand orbitals. The average energies of the configurations
are taken as points on a parabola, E(d") = n(A — 5U) +
In(n —1)U and EQp’d") = EQ2p5) + E(d") — nQ,
where A = E(d°L) — E(d°) is the ligand-to-3d charge-
transfer energy, U is the 3d-3d Coulomb energy, and Q
is the 2p-3d Coulomb energy. The configurations are
mixed by hybridization with a parameter V = (d|JH |L).

The Hamiltonians, , for the initial and final states
of the Mn atoms were calculated using Cowan’s code
[20], including tetrahedral crystal-field symmetry
(10Dg = —0.5 eV), spin-orbit and multiplet structure but
neglecting band structure dispersion. Wave functions were
calculated in intermediate coupling using the atomic
Hartree-Fock approximation with relativistic corrections
and by reducing the Slater parameters to 80% to account
for intra-atomic correlation effects. The plasmon loss sat-
ellites were not included in the calculation.

Adopting parameter values similar as for (resonant)
PES [3,4,6] and x-ray-absorption spectroscopy [17] of
(Ga,Mn)As, a good agreement with the experimental spec-
tra was obtained with A = 1eV, U =4¢V, Q=5 ¢eV,
and V = 2.5 eV, giving a d count of 5.2 [21]. The AIM
calculation is shown in Fig. 4(b), and compared with
calculations for an atomic d> configuration and an itinerant
electron model [16]. The d° calculation displays the atomic
multiplet structure. When V is turned on, other configura-
tions mix in and the multiplet structure is partly washed
out, while a poorly screened peak (marked B in Fig. 4)
appears at 1-2 eV higher binding energy. For larger V this
poorly screened peak diminishes until it vanishes in the
itinerant case. Note that for V >> U the 3d electrons are
delocalized, while for V << U the electrons remain local-
ized on the atomic sites. The good agreement for inter-
mediate values of V indicates that the Mn 3d states are
strongly mixed rather than being either purely atomiclike
or itinerant.

The simulation reveals that the 2p;/, structure is com-
posed of a well-screened peak at the low binding energy
side and a poorly screened peak at 1-2 eV higher binding
energy, with opposite dichroism. It was previously argued
that the splitting of the 2p3,, peak is due to the contribu-
tions of both substitutional and interstitial Mn to the pho-
toemission spectrum [11]. However, while the PES signal
measures all the Mn sites, the MLDAD signal only arises
from ferromagnetically ordered Mn. Therefore, the
MLDAD measurement and its simulation strongly indi-
cates that the split peaks originate from a single site.

We have presented MLDAD experiments and compared
the results to model calculations for the ferromagnetic
signal, which was obtained in magnetic remanence. The
combination of HAXPES and MLDAD offers an insight
into localization and screening of ferromagnetic Mn in
(Ga,Mn)As without the complicating effects of the surface.
This can have also far reaching implications for the study
of other materials. Moreover, we expect that this approach
will be widely applicable to a range of complementary
experiments including photoelectron diffraction, angle-
resolved photoemission, electron holography, and x-ray
standing wave studies.
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