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Individual Mn impurities deposited on Ge�100�, Ge�111�, and GaAs�110� substrates present magnetic mo-
ments significantly larger compared to the average Mn magnetization in bulklike Ga1−xMnxAs and MnxGe1−x

dilute magnetic semiconductors. The Mn magnetic moment is shown to change considerably going from
Ge�100�, to GaAs�110�, and Ge�111�. Independently of the substrate, the Mn per atom moment decreases with
increasing coverage owing to the formation of antiferromagnetic Mn clusters. We observe no evidence of
magnetically ordered surface layers down to a temperature of 5 K. The comparison of x-ray magnetic circular
dichroism line shapes with that of a pure Mn d5 configuration reveals the partial delocalization of the Mn d
states.

DOI: 10.1103/PhysRevB.72.045337 PACS number�s�: 75.50.Pp, 75.20.Hr, 78.70.Dm

The discovery of ferromagnetism in Ga1−xMnxAs �Ref. 1�
and MnxGe1−x �Ref. 2� semiconducting compounds with Cu-
rie temperature TC�100 K has fostered an intense research
effort aimed at understanding and optimizing the mecha-
nisms responsible for carrier-mediated magnetic order. The
experimental situation is quite complex as both TC and the
saturation magnetization depend on the interplay of a variety
of factors, which are ultimately determined by the growth
conditions3 and postgrowth annealing procedures.4 The con-
centration and distribution of Mn dopants,2,5 the carrier
density,2,5,6 the presence of common defects such as Mn
interstitials,7 Mn clusters,5,8 and As antisites in Ga1−xMnxAs
�Ref. 9� significantly influence the magnitude and sign of the
magnetic coupling. As a result of this interplay, it is hard to
find common ground to compare theoretical and experimen-
tal investigations and reach a consensus on the origin of the
ferromagnetic properties of these compounds.10 An example
is the magnetization deficit that is found both in Ga1−xMnxAs
�Refs. 11–16� and MnxGe1−x �Ref. 2� when comparing the
experimental saturation magnetization with that predicted on
the basis of the Mn concentration and theoretical estimates of
the Mn local moment. Deviations from the expected 4 �B
�Refs. 17 and 18� and 3 �B �Refs. 2, 19, and 20� Mn moment
in Ga1−xMnxAs and MnxGe1−x, respectively, range from 20%
to 80% in Ga1−xMnxAs �Refs. 11 and 12� and 45% to 60% in
MnxGe1−x.

2

The aim of the present study is to explore GaMnAs and
MnGe surface systems, where the presence of heterogeneous
Mn phases and defects, particularly in the case of Ge, can be
controlled to a better extent compared to thin films with typi-
cal thickness �10 nm addressed to this date. X-ray magnetic
circular dichroism �XMCD� measurements performed on in-
dividual Mn impurities deposited on Ge�100� and GaAs�110�

surfaces reveal spin moments close to that expected for para-
magnetic Mn atoms and much larger than that typically de-
tected in magnetically saturated Ga1−xMnxAs films.12–15,21

Strong differences of the Mn magnetic moment are observed
on Ge�100�, Ge�111�, and GaAs�110�, emphasizing the role
of the local coordination in determining the magnetization of
Mn-doped semiconducting compounds. Moreover, we ob-
serve that the formation of Mn clusters is associated with a
reduction of the magnetic moment per Mn atom due to anti-
ferromagnetic MnuMn coupling. Finally, we found no evi-
dence of two-dimensional long-range magnetic order in the
investigated Mn concentration range.

The experiments were performed at beamline ID8 of the
European Synchrotron Radiation Facility in Grenoble. Single
crystal Ge�100�, Ge�111�, and GaAs�110� surfaces were pre-
pared in ultrahigh vacuum by repeated Ar+ sputtering and
annealing cycles to 650 °C. The clean Ge�100� and Ge�111�
surfaces showed the characteristic low energy electron dif-
fraction �LEED� patterns of the �2�1� and c�2�8� recon-
structions, respectively, in agreement with literature data.22,23

GaAs�110� also showed the expected �110� LEED pattern,24

but the precise stoichiometry of the surface remained unde-
termined, as preferential sputtering of As is likely to lead to
Ga-rich surface layers. After cleaning, no surface oxidation
was detected by x-ray absorption spectra �XAS� at the oxy-
gen K edge. Mn atoms were deposited by means of an elec-
tron beam evaporator, calibrated by a quartz microbalance, at
a temperature of 5 K to inhibit surface diffusion and subse-
quent cluster nucleation. The coverage is given in monolay-
ers with respect to the bulk-truncated Ge�100� surface
�1 ML=6.2�1014 atoms/cm2�. XAS was measured at the
L2,3 Mn edges in total electron yield mode using circularly
and linearly polarized light with 99% ±1% polarization in
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magnetic fields of up to 6 T with the sample at T=5 K.
XMCD was recorded by switching both the photon helicity
and applied magnetic field B parallel to the surface normal.

Figure 1�a� shows the XAS spectra recorded for indi-
vidual Mn atoms deposited on Ge�100�, Ge�111�, and
GaAs�110� for parallel �I+, solid lines� and antiparallel �I−,
dashed lines� alignment of the light helicity with B=6 T.
The pairs of XAS spectra are shown after normalization to
the incident photon flux and to each other at 637 eV, and
scaled to the same I++ I− intensity at the L3 edge for com-
parison. Owing to the extremely small coverage, the Mn L2,3
XAS is superposed to a noticeable background signal from
the substrate. The latter, however, gives no contribution to
the XMCD, as shown in Fig. 1�b�. XAS and XMCD spectra
are also reported for individual Mn atoms deposited on a K
film and for a d5 ground state calculated within a multiplet
approach.25 Transition metal impurities on alkali metal hosts
are known to possess atomiclike ground states with full spin
and orbital moment values.26 The Mn/K spectra are hence-
forth used here for comparison, as representative of a pure
Mn d5 configuration in the present experimental conditions.
This is justified also by the excellent agreement with the I+,
I−, and I+− I− spectra calculated for an atomic d5 ground state
and by the Brillouin-like magnetization reported in Fig. 2�a�.

The broadening of the multiplet features in the
Mn/Ge�100�, Ge�111�, and GaAs�100� XAS and XMCD
spectra compared to Mn/K reveals that the ground state of
Mn atoms in contact with Ge and GaAs surfaces is not
purely d5 owing to varying degrees of hybridization of the
impurity d states on different substrates, similarly to what is
observed for submonolayer Mn films on metal surfaces.27

This result is partly in contrast with previous XMCD studies
on Ga1−xMnxAs, where the XAS was interpreted in terms of
d4-d5-d6 configuration mixing, but the XMCD was assigned
to an almost pure d5 state by distinguishing for magnetic and
nonmagnetic Mn species.15,16 The magnitude of the XMCD
effect relative to the XAS signal, however, shows that indi-
vidual Mn impurities are strongly magnetic compared to Mn
in Ga1−xMnxAs films, where a much smaller dichroism is
observed.12–15,21 The presence of Mn clusters, lattice defects,
or Mn surface segregation and oxidation in thin films mea-
surements is likely the cause of the reduced Mn moment in
such systems, where these effects can be minimized by care-
ful low-temperature annealing and HCl-surface etching.16

The different magnitude of the dichroic effect on Ge�100�,
Ge�111�, and GaAs�110�, observed by comparing I+ and I−

�Fig. 1�a�, inset� as well as I+− I− normalized by the total L3
absorption intensity �Fig. 1�b��, indicates that the Mn mag-
netic moment changes on the three surfaces. In particular, it
is largest on Ge�100� and progressively reduced on
GaAs�110� and Ge�111�. XMCD sum rules allow in principle
to determine quantitatively the spin �mS� and orbital �mL�
magnetic moments of metal atoms.28 However, obtaining mS
for Mn and lighter 3d elements is not straightforward. In the
case of Mn, the superposition of the 2p3/2 and 2p1/2 absorp-
tion edges leads to errors as large as 50% in the determina-
tion of mS.16,25 Further, mS and mL are proportional to
nh / ���Id

++ Id
−�dE�, where nh is the number of unoccupied Mn

3d states and ��Id
++ Id

−�dE is the total intensity due to 2p
→3d transitions, which requires subtraction of the 2p→3s

signal from the measured XAS and, for very low Mn cover-
ages as in Fig. 1, of the Ge or GaAs background. To circum-
vent these limitations, we note that the spectra of Mn/K

FIG. 1. �a� I+, I− spectra at the L2,3 absorption edges of indi-
vidual Mn impurities on K, Ge�100�, Ge�111�, and GaAs�110� sur-
faces. The Mn coverage is 0.01, 0.03, 0.02, 0.03 ML, respectively,
T=5 K, B=6 T. The inset shows a detail of I+, I− in the L3 region
for Mn/Ge�100� �solid lines�, Mn/Ge�111� �dotted lines�, and
Mn/GaAs�110� �dashed lines�. �b� I+− I− spectra scaled to the inte-
grated I++ I− intensity over the L3 edge. Calculations for I+, I−, and
I+− I− are also shown for 2p63d5→2p53d6 transitions of a fully
spin-polarized d5 atomic ground state in the limit of zero crystal
field and T=5 K.

GAMBARDELLA et al. PHYSICAL REVIEW B 72, 045337 �2005�

045337-2



correspond precisely to a configuration with mS=5 �B and
mL=0 �B. We then calculate mS as given by the XMCD sum
rules by approximating ��Id

++ Id
−�dE with the area comprised

under the I++ I− spectrum between 639 and 647 eV, using a
linear background subtraction. For Mn/K this gives a multi-
plicative correction factor of about 1.8 to obtain the expected
mS value at T=5 K, B=6 T. This factor is then applied to
Mn on Ge�100�, Ge�111�, and GaAs�110� yielding mS=4.8,
3.3, and 4.0 �B, respectively. These numbers are within ±5%
of those obtained by other background subtraction methods.
Here, we have assumed nh=5 in all cases, which might over-
estimate mS by as much as 6% for the lowest estimate nh

=4.7 found in the literature.17,18 This effect, however, is
partly compensated by the fact that the paramagnetic Mn
moments are not fully aligned parallel to B at 6 T and T
=5 K, so that the saturation Mn moment is underestimated
by about 5% and 10% for GaAs�110� and Ge�111�, respec-
tively. Taking into account the different uncertainty factors,
we therefore put an overall accuracy limit of ±10% on the
reported mS.

Whereas mS for Mn/GaAs�110� is close to the predicted
3.7–4.0 �B �Refs. 17 and 18� and to the value of 4.5 �B
recently derived by XMCD in Ref. 16, mS on Ge surfaces is
significantly larger than the 1.4–1.9 �B measured for
MnxGe1−x.

2 Ab initio calculations for bulk MnxGe1−x consis-
tently indicate mS=3 �B and an eg

2�↑�t2g
2 �↑�t2g

1 �↓� Mn
configuration2,19,20 arising from strong hybridization with the
Ge 4p states. Very interestingly, while the moment of
Mn/Ge�111� is in good agreement with that calculated for
bulk impurities in Ge �Refs. 2, 19, and 20� and on Ge�111�,29

Mn/Ge�100� presents a much larger mS. This difference is
attributed to the local coordination of Mn atoms on Ge�111�
and Ge�100�.30 In particular, the presence of dangling bonds
on the c�2�8� reconstructed Ge�111� surface is likely to
lead to stronger hybridization between the Mn 3d and Ge 4p
states compared to Ge�100�, and to the concomitant reduc-
tion of mS. We note also that small but positive mL �parallel
to mS� are observed, about 0.07 �B for Mn/Ge�100� and
Mn/GaAs�110� and 0.13 �B for Mn/Ge�111�. The latter
larger deviation from the ideal d5 case with mL=0 is consis-
tent with the increased hybridization and related broadening
of the Mn/Ge�111� XAS and XMCD features relative to
Mn/Ge�100� and Mn/GaAs�110� �see inset in Figs. 1�a� and
1�b��. Only very weak differences are detected between the
in-plane and out-of-plane Mn magnetization, in agreement
with the small magnetic anisotropy expected for such low
values of mL.31 Finally, we remark that different adsorption
sites on each surface can be occupied by Mn, but that site-
dependent magnetic moments cannot be distinguished in the
present study. Both scanning tunneling microscopy and the-
oretical investigations, however, indicate a strong preference
for hollow adsorption sites on Ge�111� and Ge�100�,29,30,32

whereas large diffusion barriers prevent Mn to reach subsur-
face sites at low temperature.

We have further investigated the possibility of achieving
ferromagnetism limited to one or a few surface atomic layers
as a function of Mn concentration, an issue of fundamental
as well as practical interest to control spin-polarized electron
transport across heterogeneous interfaces. We remark that
ferromagnetic coupling would be expected in a Ruderman–
Kittel–Kasuya–Yosida picture of hole-mediated ferromag-
netism and that the radial decay of the impurity-impurity
oscillatory interaction changes from 1/r−3 in the bulk to
1/r−2 in a two-dimensional surface system.33 Here, however,
all samples with coverage in the range 0.006–0.35 ML dis-
play paramagnetic behavior �Figs. 2�b� and 2�c��, indepen-
dently of their extrinsic bulk doping �2�1018 cm−3 n-doped
Ge and GaAs, and 2�1019 cm−3 p-doped Ge� and despite
the fact that Mn impurities typically act as acceptors in these
materials. The absence of magnetic coupling even for rela-
tively high Mn concentrations compared to bulk ferromag-

FIG. 2. Magnetization of �a� Mn/K as a function of applied field
�squares�, 0.01 ML Mn. The solid line represents a Brillouin func-
tion with L=0, S=J=2.5. �b� Mn/Ge�100� 0.006 ML �squares� and
0.12 ML �dots�. �c� Mn/Ge�111� 0.09 ML �squares� and 0.18 ML
�dots�. T=5 K in all cases.

FIG. 3. �a� �I+− I−� / �I++ I−� XMCD intensity at the L3 edge as a
function of Mn coverage at T=5 K, B=6 T. �b� XMLD spectra
normalized by the total L3 XAS measured by switching between
vertical and horizontal polarized light with the sample rotated about
the vertical axis by 60° relative to B and the beam incidence direc-
tion. The solid line spectrum is obtained for 0.10 ML Mn/Ge�111�
at T=5 K, B=6 T. Annealing the sample to 150 °C results in stron-
ger XMLD with remanent alignment at T=5 K, B=0. The inset
shows the calculated XMLD spectra for atomic Mn in an ideal 90°
geometry.
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netic Ga1−xMnxAs and MnxGe1−x is attributed to the different
electrical properties of bulk and surface semiconductors and,
tentatively, to a low carrier/dopant yield, as also observed for
�-doped Mn layers in GaAs.34

Increasing the Mn coverage at temperatures below the
surface diffusion threshold leads initially to randomly dis-
tributed Mn impurities with increasing concentration and
eventually to the statistical formation of Mn clusters of in-
creasing size. We observe that the formation of Mn metal
clusters as a function of coverage is accompanied by the
decrease of the XAS-normalized XMCD signal �Fig. 3�a��,
which indicates a reduced magnetic moment per Mn atom
relative to individual impurities. Similar effects have been
observed in Ga1−xMnxAs by increasing the Mn concentration
and tentatively attributed to the formation of MnAs
clusters.11 In the present case, we show that partial or frus-
trated antiferromagnetic alignment in Mn clusters is the
cause of the observed magnetization reduction. While
XMCD is proportional to the scalar product of the magneti-
zation with the photon helicity direction, x-ray magnetic lin-
ear dichroism �XMLD� is proportional to the square module
of the magnetization and, hence, sensitive to both ferromag-
netic and antiferromagnetic alignment. XMLD spectra were

recorded with B=6 T in order to align the Mn uncompen-
sated spins close to one of the two orthogonal linear polar-
ization directions. A typical spectrum is reported for 0.25 ML
Mn/Ge�111� in Fig. 3�b� �solid line�. We find that, while the
XMCD decreases, the XMLD signal stays constant or in-
creases weakly with Mn coverage, indicating a growing ratio
of antiferromagnetic to ferromagnetic Mn species on the sur-
face. Finally, annealing Mn/Ge�111� to 150 °C results in
larger clusters that show remanent antiferromagnetic behav-
ior �dotted line�.
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