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This work reports ferromagnetic ordering of manganese atoms diluted into InAs(100), as seen by X-ray magnetic circular 
dichroism (XMCD). Room-temperature grown Mn layers on InAs(100) are not magnetic, whereas upon annealing at 250 °C, 
Mn migrates into the semiconductor and exhibits a clear XMCD signal. The net ordered Mn magnetic moment is found to be 
about 0.7 �B at low temperatures, whereas the Mn atoms are in a state characterized by a local spin of about 2 �B. The 
temperature dependence of the Mn net magnetic moment gives a Curie temperature of more than 150 K, which is higher 
than the values reported so far for (In,Mn)As and (Ga, Mn)As diluted magnetic semiconductors. 
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1. Introduction 
 
Magnetic properties of 3d transition metals grown on 

semiconductors have attracted special interest over the last 
two decades, owing to the possibility of combining 
magnetism and semiconductor properties and offering a 
wide range of possible applications [1]. Of these 
structures, Fe/GaAs [2] and Fe/InAs [3,4] were 
extensively studied in terms of their interface reaction and 
magnetism, exploring the possibility of spin injection of 
carriers into semiconductors [5,6]. Another important 
attention was given to the growth and characterization of 
diluted magnetic semiconductors (DMS) GaxMn1-xAs [7-
10] and InxMn1-xAs [10-13] because it appears that the spin 
injecton efficiency increase when spins are provided by a 
semiconducor instead of a metal [6,14, 15]. However, such 
"all-semiconductor" spintronic devices [6,16] are not yet 
operational at room temperature due to the relative low 
Curie temperatures (TC) of the DMS known to date: about 
110 K for (Ga,Mn)As [9] and about 30 K for (In,Mn)As 
[13]. It appears therefore that more effort is needed in 
order to increase TC of these magnetic heterostructures. 
Multilayer structures with increased TC [17], "digital 
heterostructures" [18], as well as new DMS such as 
(In,Ga,Mn)As [19] or GaMnP [20] have been proposed. In 
parallel, intensive theoretical studies of the carrier-induced 
ferromagnetism (FM) in DMS [21-23] yielded predictions 
on the upper limits of TC  for these materials [22,23]. The 
key result of these investigations is that in order to achieve 
higher Curie temperature a higher concentration of 
magnetic ions and/or carriers (holes) in the material are 
needed [23]. Whereas the carrier concentration can be 
externally supplied by light irradiation [24] or electric 
carrier injection [25], the concentration of Mn ions is 
limited by the solubility of Mn into the semiconductor 
with respect to the segregation of MnAs clusters 
[11,12,26].  

 Structural studies of (In,Mn)As [26] and (Ga,Mn)As 
[27] have revealed the local order around the Mn atoms. It 
is found that Mn atoms occupy mostly substitutional Ga or 
In sites, with increased disorder induced by the longer Mn-
As bonds. Further studies are needed, however, to clarify 
the atomic magnetic properties of Mn diluted into these 
semiconductor lattices [28]. 

 X-ray magnetic circular dichroism (XMCD) [29] is 
the appropriate technique to investigate these properties, 
since: (i) it is element-sensitive; (ii) it provides 
quantitatively the local spin and orbital magnetic moments 
through the application of the sum rules [30,31]; (iii) the 
detection by total electron yield (TEY) [4,32] in the soft x-
ray regime makes the technique surface-sensitive, owing 
to the finite escape depth of the detected electrons (λ ≈ 20 
Å [4,33]). Previous XMCD studies of the (Ga,Mn)As 
DMS revealed that about 13 % of the Mn atoms present 
ferromagnetic ordering for temperatures below 37 K, 
while they are in a high-spin state with local magnetic 
moment of 4.6 µB per Mn atom [34]. 

 In this work, we investigated the magnetic properties 
of Mn atoms diluted into InAs by XMCD. We present 
results obtained on (Mn,In)As thin layers prepared in a 
very simple way, i.e. just by Mn deposition on heated 
InAs(100) substrates. Ferromagnetic ordering of an 
important part of Mn atoms is directly experienced for 
temperatures below 150 K. 

 
2. Experimental 
 
The experiments were performed at the LURE 

synchrotron radiation laboratory in Orsay, France. We 
used a molecular beam epitaxy (MBE) chamber equipped 
with standard surface preparation techniques, LEED, 
RHEED (low energy- and reflectance high energy electron 
diffraction), and Auger electron spectroscopy (AES) 
facilities. The MBE chamber was connected to a "very-
low-temperatures" (VLT) measurement chamber, where 
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samples can be measured at temperatures as low as 1.5 K 
and in magnetic fields up to 7 T. The whole system was 
installed on the SU23 beamline of the Super Aco storage 
ring, which provides photons in the energy range                  
80-1300 eV with 60 % degree of circular polarisation. The 
XMCD measurements were performed by recording the 
TEY signal from the sample when excited with soft x-rays. 
The in-vacuum sample transfer was achieved by using a 
specially designed system [35]. The MBE and VLT 
chambers operate in 10-11 hPa pressure range.  
 

 
(a) 

 

 
(b) 

 
Fig. 1. RHEED pattern of (a) clean InAs(100) c(2x4) and 

(b) of annealed 2 ML Mn/InAs(100). 
 
 

 InAs(100) c (2x4) substrates were prepared by Ar+ 
sputtering and annealing at 450 ºC. A sharp RHEED 
pattern of the clean samples was observed on the clean 
samples [3,4], as can be seen from Fig. 1(a). Manganese 
was deposited from a commercial Knudsen cell at a rate of 
about 1 Å/min. The total amount of Mn deposited was in 
the range of 2 to 3 ML. The samples were checked by 
AES and no trace of contaminants was visible. Upon Mn 
deposition at room temperature, the RHEED pattern 
dissapeared, so these Mn films are disordered. These RT 
prepared samples did not show any XMCD signal, 
indicating that no net FM order of the Mn atoms is present. 
The samples grown at higher substrate temperatures                     
TS = 250 ºC exhibit a strongly reduced Mn AES (LMM) 
peak. The effective Mn coverage determined by AES is 
0.2 ± 0.1 atomic monolayers (ML). A broad (1x1) RHEED 

pattern was still visible upon Mn deposition, showing a 
relatively ordered interface, as exemplified in Fig. 1(b). 
Samples prepared in a similar manner for surface-sensitive 
photoemission with photon energy of 85 eV in a separate 
experiment at the synchrotron ELETTRA in Trieste did 
not found any Mn 3p (binding energy = 47.2 eV) 
contribution [36]. Consequently, Mn atoms diffuse into the 
InAs substrate such that a very small amount of Mn                    
(< 0.02 ML) remain in the first atomic layers probed in the 
photoemission experiment. The growth temperature was 
chosen to be high enough to allow the diffusion of Mn 
atoms into the substrate, but to prevent segregation of 
MnAs clusters [11,26], which are known to be formed at 
higher substrate temperatures (TS > 280 ºC [11]). 

 
3. Results and discussion 
 
The high-temperature grown samples presented Mn 

L2,3 XMCD signals, as shown in Fig. 2(a). The two x-ray 
absorption spectra (XAS) are measured in applied 
magnetic fields parallel to the helicity of the soft x-rays          
H = ± 5 T and at 45 degrees incidence angle. The sample 
was mounted with the [110] direction horizontal, such that 
the incidence direction of the photon beam corresponds to 
the [111] axis. The high value of the applied field ensures 
that the sample magnetisation is saturated, as can be seen 
from the insert of Fig. 2(a). 

 The two main peaks correspond to the L2,3 absorption, 
promoting a Mn 2p3/2 or 2p1/2 core electron mainly into 
unoccupied 3d states. The absorption signals σ+,- are 
different when the sample magnetization is parallel or 
antiparallel to the helicity vector of the circularly-
polarized x-rays.  

 The XAS can be also used to determine the Mn 
dilution into the InAs. The relevant parameter in this case 
is the ratio between the L3 maximum intensity (P) and the 
background (B): P/B - 1 = σ(L3) / σB - 1. Here                    
P/B - 1 = 0.83, whereas for 0.5 ML Mn/Cu(100) P/B - 1 = 0.243 
[37] and for 1 ML Mn/Fe(100) P/B - 1 ≈ 0.5 [38], i.e. 
P0/B0 - 1 ≈ 0.5 for 1 ML of Mn independent of the 
substrate used, provided no absorption edge lies just 
before the Mn L2,3 edges. The probing depth of the TEY 
technique is λ = 20 Å ≈ 14 ML of Mn [33]. The effective 
Mn concentration is thus estimated as                    
(P/B - 1)/[(P0/B0 - 1)λ(ML)] ≈ 11.8 % in a thickness range 
of λ, which is consistent with the AES estimates. 
Nevertheless, the absence of Mn 3p signal in surface-
sensitive PES means that Mn atoms have migrated deeper 
into the substrate [39]. 

 The difference between the two XAS spectra 
represents the dichroism signal µ = σ+ - σ-, which is 
proportional to the Mn net magnetic moment. Theory 
predicts that spin and orbital magnetic moments can be 
derived by using the XMCD sum rules, in the following 
way [30,31]: from the net isotropic absorption spectrum, a 
double step background accounting for 2p → ns, nd (n ≥ 4) 
and 2p → continuum transitions is subtracted, in order to 
isolate the 2p3/2 → 3d and 2p1/2 → s 3d absorption cross 
section for the two polarizations σ+

(0) and σ-
(0). The 
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average spectrum σ (0)  = [σ+
(0) + σ-

(0)]/2 is then integrated, 
yielding the parameter: 

 

 

 
 

Fig. 2.(a) Mn L2,3 x-ray absorption and x-ray magnetic 
circular dichroism recorded at a temperature of 4.2 K 
and in applied field H =± 5 T. Insert: the dependence of 
the Mn magnetic moment on the intensity of the applied 
field. (b) Integrated isotropic absorption and XMCD, in 
order  to  reveal  the  significance  of  the  p,  q,  r,  r1,  r2  
                                     parameters. 
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The XMCD spectrum µ is also integrated for the 

computation of the other two parameters needed by the 
sum rules: 
 

      ∫ ⋅=
3L

dEp µ  and ∫
+

⋅=
23 LL

dEq µ       (2) 

 
Integrals of isotropic absorption and of XMCD, together 
with the significance of parameters defined by the above 
equations, are represented in Fig. 2(b). 

 The orbital and spin magnetic moments are derived as 
morb. = - 2q nh / (3r) and mspin = (2q - 3p) nh / r, where nh is 
the number of Mn 3d holes, which is estimated to about 
4.8 for GaxMn1-xAs from photoemission experiments [40] 
and to 4.77 from XMCD experiments [41]. 

 Next, we investigated the temperature dependence of 
the Mn magnetic moments. As can be seen from Fig. 3, 
detectable XMCD signals were provided by the prepared 
samples up to temperatures of about 120 K. 

 

 
 

Fig. 3. Dependence of XMCD signal of ≈ 12 % Mn 
diluted into InAs(100) on temperature. 

 
 It is often argued that the XMCD sum rules are not 

valid in the case of Mn, due to the small spin-orbit 
splitting and the mixing of the electronic transitions at the 
L2,3 edges [38,42]. Consequently, the spin sum rule may 
yield wrong results through the insufficient determination 
of the p parameter. However, in the following we will 
suppose that the orbital sum rule is still valid, since it is 
based on integration over both L2,3 edges [34]. Instead of 
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the spin sum rule, we will estimate the total Mn 
momentum by direct comparison of the normalized L3 
XMCD intensity s = µ(L3

(max.)) / σ(0)( L3
(max.)) with known 

data already reported in literature [37]. For 1 µB of Mn 
magnetic moments, reported values of s were 8.8 % [43], 
9.2 % [38], 8.5 % [44], and 12.6 % in the case of oxidized 
Mn/Fe(100) [41], but in the last case the overall XMCD 
spectrum was different due to antiferromagnetic coupling 
of Mn moments to the Fe moments [45]. Consequently, we 
will assume that a FM Mn XMCD signal of s = 8.8 % 
corresponds to 1 µB [37].  

 The orbital and total moments derived by XMCD sum 
rules are compared with the total moment estimated from 
the intensity of the XMCD signal at the L3 edges in Fig. 3 
(see below). We found that the sum rule underestimates 
the Mn magnetic moment by a factor of 2. In other words, 
the estimated p parameter is in the following relation with 
the "ideal" one p0: p = p0/2 + q/3, provided the q value is 
correct. 

 Fig. 4 presents the temperature dependence of the Mn 
magnetic moments. We observed a clear XMCD signal up 
to temperatures of 140 K, then the signal drops rapidly to 
zero. The temperature dependence of Mn atomic moments 
was compared with FM curves obtained by solving the 
Brillouin equation with different values of individual spins 
[46]. Although the scattering of the data is too large in 
order to derive precisely the value of the Mn spin moment 
S, it seems that the function with S = 1 describes better the 
M(T) dependence than the function with S = 5/2. In all 
cases, the critical temperature for FM ordering is found to 
be at 150-160 K, which is the highest value reported so far 
for Mn in InAs.  

 Regarding the individual Mn spin moments, we can 
also specify that the branching ratio (BR) of integrated 
intensities I(L3) / I(L2)  = r1 / r2, according to Fig. 1(b), was 
found to be 3.26 ± 0.1, independent on the applied 
magnetic field and/or the temperature. Values of BR can 
be as high as 4.1 [44] or even 4.8 [47] for high-spin Mn 
states with individual spin moments of 5 µB, whereas for 
low spin states Mn3+ (4s23d1) or Mn4+ (4s13d1) with 3d 
moments of 1 µB, it is found to be around 2.5 [44]. Taking 
into account the above, the actual value of the Mn spin 
which can be derived by linear interpolation ranges 
between 1.6 and 2.4 µB, which mean an average value of     
S = 1 (mspin = 2 µB), in line with the effective moment 
dependence on temperature represented in Fig. 4. Hence, 
the Mn atoms are not in extremely high spin moment state, 
as in the case of other Mn thin films [44,47]. Nevertheless, 
the effective moment of about 0.72 µB implies that about a 
third part of Mn spins produce a net ferromanetic moment. 
Hence, a prospective representation of Mn states would be 
a ferrimagnetic ordering on the type: ↑↓↑↑↓↑↑↓↑... 

 At low temperature, deviations from the Brillouin 
dependence of M(T) are present. These were simulated in 
Fig. 4 by adding a linear component at very low 
temperatures ∆M = 1 - a xT. Such dependencies can be 
attributed to a surface spin wave contribution to the 
magnetisation [21,28,48]. In fact, the temperature 
dependence of the magnetization was predicted to have 
various shapes, deviating considerably from the mean-

field dependence [48]. Similar almost linear dependencies 
were already reported for both (Ga,Mn)As [8,49] and 
(In,Mn)As DMS [12].  

 
 

 
 
Fig. 4. Temperature dependence of the Mn total and 
orbital moments, obtained from XMCD data recorded at 
fields of ± 5 T. For the total moment, the value obtained 
from the XMCD intensity at the L3 peak energy is 
compared with the value derived  by  the  applications  of  
   XMCD orbital and spin sum rules (see text for details). 

 
 The orbital moment is normally strongly enhanced at 

the surfaces [50] and at interfaces between 3d metals and 
III-V semiconductors [4,51]; however, this is not the case 
here. The Mn orbital moments derived by the XMCD sum 
rule are very weak: 0.035-0.04 ± 0.005 µB at low 
temperatures, up to 0.007 ± µB at 140 K. The ratio between 
the orbital and the spin moment approaches that of the 
bulk ferromagnets Fe, Co, and Ni [31]. This is similar to 
the known orbital momentum quenching in cubic crystal 
lattices [52] and could be interpreted as another evidence 
of the strong diffusion of Mn into InAs and of cubic, 
bulklike environment of the Mn atoms. 

 
4. Conclusions 
 
Mn atoms diluted into InAs(100) by simple deposition 

at high temperature TS = 250 ºC present feromagnetic 
ordering with Curie temperature of about 150 K and are in 
an intermediate-spin state, characterized by an atomic Mn 
moment of about 2 µB. About one third of Mn atoms 
participate to the FM order. The Mn effective magnetic 
moment is found to be 0.7 µB at low temperatures and 
follows a Brillouin dependence as function of temperature 
when approaching TC, whereas at low temperatures we 
found deviations from this dependence which could be 
explained by surface spin excitations. The orbital moment 
of Mn is very weak, about 0.04 µB. Previous studies of            
x-ray absorption fine structure on (In,Mn)As [26] always 
inferred substitution of In by Mn in the present Mn 
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concentration range. Taking into account that no FM 
signal which could be attributed to MnAs agglomerates 
was measured in the present experiment, we could think 
that Mn atoms are in a similar environment as in DMS 
(In,Mn)As. However, more precise determination of Mn 
concentration profile and of the Mn local structure are 
needed; these experiments are planned for the future. 
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