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Fe-doped III-V ferromagnetic semiconductors (FMSs) such as (In,Fe)As, (Ga,Fe)Sb, 1 

(In,Fe)Sb, and (Al,Fe)Sb are promising materials for spintronic device applications 2 

because of the availability of both n- and p-type materials and the high Curie temperatures. 3 

On the other hand, (Ga,Fe)As, which has the same zinc-blende crystal structure as the Fe-4 

doped III-V FMSs, shows paramagnetism. The origin of the different magnetic properties 5 

in the Fe-doped III-V semiconductors remains to be elucidated. To address this issue, we 6 

use resonant photoemission spectroscopy (RPES) and x-ray magnetic circular dichroism 7 

(XMCD) to investigate the electronic and magnetic properties of the Fe ions in a 8 

paramagnetic (Ga0.95,Fe0.05)As thin film. The observed Fe 2p-3d RPES spectra show that 9 

the Fe 3d states are similar to those of ferromagnetic (Ga,Fe)Sb. The estimated Fermi 10 

level is located in the middle of the band gap in (Ga,Fe)As. The Fe L2,3 XMCD spectra 11 

of (Ga0.95,Fe0.05)As show pre-edge structures, which are not observed in the Fe-doped 12 

FMSs, indicating that the minority-spin (↓) e↓ states are vacant in (Ga0.95,Fe0.05)As. The 13 

XMCD results suggest that the carrier-induced ferromagnetic interaction in 14 

(Ga0.95,Fe0.05)As is short-ranged and weaker than that in the Fe-doped FMSs. The 15 

experimental findings suggest that the electron occupancy of the e↓ states contributes to 16 



 3 

the appearance of ferromagnetism in the Fe-doped III-V semiconductors, for p-type as 1 

well as n-type compounds. 2 

 3 

I. INTRODUCTION 4 

Ferromagnetic semiconductors (FMSs) are synthesized by doping magnetic ions in 5 

semiconductor hosts. In III-V FMSs, a sizable amount of magnetic ions, such as Mn and 6 

Fe ions, partially replaces the cation sites (group III sites). The magnetic interaction 7 

between the doped magnetic ions is considered to be mediated by the spin of the carriers, 8 

and such ferromagnetism is called carrier-induced ferromagnetism1. To explain the 9 

ferromagnetism of FMSs, two models have been proposed so far: Zener’s p-d exchange 10 

model and the impurity band (IB) model. Itinerant carriers (band conduction)2,3 mediate 11 

the ferromagnetic (FM) p-d exchange interaction in Zener’s p-d exchange model, while 12 

localized carriers (hopping conduction)4,5 mediate the FM double-exchange interaction 13 

in the IB model. Here, the position of the Fermi level (EF) relative to the 3d IB and the 14 

valence band (VB) differs between these two models. 15 

The Mn-doped III-V FMSs, such as (In,Mn)As6,7,8,9 and (Ga,Mn)As10,11,12, have been 16 
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intensively studied for more than two decades. Nevertheless, they have the following 1 

problems to be solved for applications: The Curie temperature (TC) of the Mn-doped 2 

FMSs is much lower than room temperature13,14 and their carriers are only p-type. 3 

Recently, the Fe-doped III-V FMSs such as n-type (In,Fe)As15,16,17, n-type 4 

(In,Fe)Sb18,19,20, p-type (Ga,Fe)Sb21,22,23, and insulating (Al,Fe)Sb24 have been grown by 5 

molecular beam epitaxy (MBE). Since the valence of Fe ions at the cation sites of the III-6 

V semiconductors is expected to be 3+ and conducting carriers can be additionally 7 

introduced, one can independently control the Fe and carrier concentrations in the Fe-8 

doped FMSs. Furthermore, the highest TC values reported so far in (In0.65,Fe0.35)Sb (385 9 

K)20 and (Ga0.8,Fe0.2)Sb (> 400 K)25 are well above room temperature. These advantages 10 

make the Fe-doped FMSs promising for practical devices operating at room temperature. 11 

Although a lot of studies on the electronic structure of (Ga,Mn)As have been 12 

reported26,27,28,29,30,31, the properties of the Fe-doped FMSs are quite different from those 13 

of the Mn-doped FMSs. Therefore, the studies of the electronic structure of the Fe-doped 14 

FMSs are important to understand the mechanism of the ferromagnetism. The origin of 15 

the high TC in the Fe-dope FMSs has been recently studied. As for (Ga,Fe)Sb, some 16 
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experimental32,33,34,35 and theoretical36,37 studies on its electronic structure have been 1 

performed to understand the mechanism of the high-TC carrier-induced ferromagnetism. 2 

From a series of the experimental studies, the following spectroscopic methods are found 3 

very useful to elucidate the origin of the ferromagnetism in (Ga,Fe)Sb: X-ray absorption 4 

spectroscopy (XAS), x-ray magnetic circular dichroism (XMCD), resonant 5 

photoemission spectroscopy (RPES)32,35, and angle-resolved photoemission spectroscopy 6 

(ARPES)33. These studies suggest that the electronic structure of (Ga,Fe)Sb is consistent 7 

with the IB model and that both the double-exchange interaction and the p-d exchange 8 

interaction contribute to the ferromagnetism. The electronic structures and magnetic 9 

properties of the other Fe-doped III-V FMSs, (Al,Fe)Sb38 and (In,Fe)As39,40,41, have been 10 

studied using the x-ray spectroscopic methods, and these studies have demonstrated the 11 

importance of clarifying the relationship between the electronic structure and the 12 

ferromagnetism in the Fe-doped III-V FMSs. 13 

In order to fundamentally understand the magnetism in the Fe-doped III-V 14 

semiconductors, it is helpful to study a similar compound that does not show 15 

ferromagnetism. (Ga,Fe)As is paramagnetic (PM) when the Fe distribution is uniform, 16 
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thus it is an ideal case of a paramagnetic Fe-doped III-V semiconductor. Note that 1 

(Ga,Fe)As with inhomogeneous Fe distribution shows FM features42,43,44. While the Fe 2 

ions are inhomogeneously distributed in (Ga,Fe)As films grown at high temperatures43, 3 

the Fe distributions are nearly uniform in (Ga,Fe)As films grown by low-temperature 4 

MBE. Theoretical studies45,46 also suggest that (Ga,Fe)As does not show ferromagnetism 5 

but paramagnetism. The absence of ferromagnetism has been attributed to the weakness 6 

of the p-d hybridization47,48. The comparison of the electronic structure and magnetic 7 

properties between the PM and FM Fe-doped III-V semiconductors will provide a key to 8 

understand the origin of the ferromagnetism in the Fe-doped FMSs. In this paper, we 9 

investigate the electronic structure of (Ga,Fe)As using RPES and XMCD to reveal the 10 

relationship between the magnetism and the band structure in the Fe-doped III-V 11 

semiconductors. Our findings suggest that the ferromagnetism in the Fe-doped III-V 12 

FMSs possibly appears when the 𝑒↓ states are occupied by electrons, and TC rises with 13 

the increase of the carrier concentration. Note that, in this paper, “occupation” means that 14 

the states are occupied by electrons. 15 

 16 
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II. EXPERIMENTAL 1 

A (Ga0.95,Fe0.05)As thin film with a thickness of 30 nm was grown on a semi-2 

insulating (SI) GaAs(001) substrate by MBE. The surface of the film was covered by a 3 

thin GaAs capping layer (~2 nm) to avoid surface contamination. The sample structure is, 4 

from top to bottom, GaAs capping layer ~2 nm/(Ga0.95,Fe0.05)As 30 nm/GaAs 100 nm/SI-5 

GaAs substrate. The excellent crystallinity of the sample was confirmed by reflection 6 

high-energy electron diffraction (RHEED) during the MBE growth, as shown in Fig. 1(a), 7 

which is similar to that of previous studies42,43. Secondary ion mass spectrometry 8 

confirmed the uniform distribution of the Fe ions in the (Ga,Fe)As film. 9 

The XAS and XMCD experiments were performed at beamline BL23SU of SPring-10 

8. The measurements were conducted under an ultrahigh vacuum below 1.7×10-8 Pa at a 11 

temperature of 10 K. The strength of applied magnetic field (μ0H) was varied from -7 T 12 

to 7 T. The direction of the magnetic field was parallel to the incident x-ray and 13 

perpendicular to the sample surface. XAS and XMCD spectra were measured in the total-14 

electron-yield (TEY) mode. XMCD was measured by reversing the helicity of x rays with 15 

1-Hz frequency at each photon energy under a fixed magnetic field, and the scans were 16 
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repeated with the opposite magnetic field direction. XMCD spectra were averaged as 1 

((𝜎+,ℎ − 𝜎−,ℎ) − (𝜎+,−ℎ − 𝜎−,−ℎ)) 2⁄  , and each XAS spectrum was obtained as 2 

(𝜎+,ℎ + 𝜎−,ℎ) 2⁄ , where σ+ and σ- represent circularly polarized x rays with the photon 3 

helicity parallel and antiparallel to the spin polarization, and h and –h mean the magnetic 4 

field directions. 5 

The RPES measurements were performed at beamline BL2A of Photon Factory. The 6 

measurements were conducted under an ultrahigh vacuum below 5.0×10-9 Pa at a 7 

temperature of 20 K. The photon energy (hν) of the incident beam was varied from 690 8 

eV to 750 eV and horizontal polarization was used for the measurements. The total energy 9 

resolutions including the thermal broadening were between 180 meV and 230 meV 10 

depending on hν. X-ray photoemission spectroscopy (XPS) measurements were also 11 

performed with an Mg-K light source (hν = 1253.6 eV) at room temperature, where the 12 

energy resolution was about 800 meV. The EF position has been corrected using the Fermi 13 

edge of Au in electrical contact with the samples and the binding energy (EB) is measured 14 

relative to EF. Although photoemission spectroscopy is the surface-sensitive method in 15 

general, the bulk electronic structures of FMSs can reportedly be observed by 16 
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photoemission spectroscopy with soft x rays30,49,33,39 and hard x rays29.  1 

For the XAS, XMCD, and XPS measurements, the samples were etched in 2 

hydrochloric acid (HCl) and rinsed in water just before loading the samples into the 3 

vacuum chambers32,50 in order to obtain clean surfaces. As for the RPES experiments, we 4 

measured the unetched sample. 5 

 6 

III. RESULTS AND DISCUSSION 7 

A. Macroscopic magnetic properties of (Ga0.95,Fe0.05)As 8 

Reflection visible-light magnetic circular dichroism (MCD) spectroscopy has been 9 

conducted to investigate the magneto-optical properties of (Ga0.95,Fe0.05)As. Generally, 10 

the MCD intensity is proportional to the spin-splitting energy (Zeeman energy) of the 11 

host energy bands. Figure 1(b) shows normalized visible-light MCD spectra of the 12 

(Ga0.95,Fe0.05)As thin film measured under various magnetic fields at hv = 1 – 5 eV. All 13 

these spectral line shapes are nearly identical and show a peak at the E1 absorption edge 14 

(hv = 2.73 eV) of the host semiconductor GaAs. This result indicates that the visible-light 15 

MCD spectra originate from a single component in magnetism associated with the sp 16 



 

 10 

bands of (Ga0.95,Fe0.05)As. Figure 1(c) shows the visible-light MCD – H curves at various 1 

temperatures measured at the E1 edge (hv = 2.73 eV). The μ0H dependence of the visible-2 

light MCD intensity is linear and the inverse susceptibility obtained from the visible-light 3 

MCD intensity is approximately linear in temperature (not shown), indicating that 4 

(Ga0.95,Fe0.05)As is PM. 5 

The carrier concentration of the (Ga0.95,Fe0.05)As thin film cannot be estimated by a 6 

Hall measurement because the resistivity was too high. This suggests that the carrier 7 

concentration of (Ga0.95,Fe0.05)As is much smaller than that of the Fe-doped FMSs 8 

including insulating (Al,Fe)Sb24.  9 

 10 

B. XAS and XMCD spectra at the Fe L2,3 absorption edge 11 

Figure 2(a) shows XAS spectra at the Fe L2,3 absorption edge of (Ga0.95,Fe0.05)As at 12 

room temperature without magnetic field before etching (green curve), and under T = 10 13 

K and μ0H = 7 T after etching surface oxides by HCl (purple curve), where black dashed 14 

curves represent the background component. The XAS spectrum before etching has a 15 

peak at ∼710 eV besides the main peak at ∼708 eV. According to previous studies32,35,50, 16 
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the peak component at 710 eV is likely to originate from extrinsic Fe3+ oxides. The 1 

comparison between the XAS spectra before and after etching suggests that the extrinsic 2 

Fe3+ oxide component near the surface is almost removed by the etching process. 3 

Figures 2(b) and 2(c) show the XAS and XMCD spectra at the Fe L2,3 absorption 4 

edges of (Ga0.95,Fe0.05)As measured at T = 10 K under μ0H = 1, 4, and 7 T, where the 5 

intensities are normalized to the peak height at 708 eV in (c). The line shape of the XMCD 6 

spectra changes with increasing μ0H, while the line shape of the XAS spectra is 7 

independent of μ0H. It should be noted here that there is a pre-edge structure around ∼706 8 

eV in the XMCD spectra taken at high magnetic fields indicated by the black arrow in 9 

Fig. 2(c), which is hardly seen in the XMCD spectra of the Fe-doped FMSs, (In,Fe)As40,41, 10 

(Al,Fe)Sb38, and (Ga,Fe)Sb32. This characteristic feature in (Ga,Fe)As is discussed 11 

considering the VB structure below. As shown in Fig. 2(c), the ratio of the XMCD 12 

intensity at the L3 edge to the L2 edge changes significantly from μ0H = 1 T to μ0H = 4 T, 13 

indicating that the XMCD spectra are composed of multiple magnetic components. The 14 

change of the ratio is discussed below from the viewpoint of the spin and orbital magnetic 15 

moments. 16 
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In order to estimate the spin and orbital magnetic moments of the Fe ions in (Ga,Fe)As, 1 

we have applied the XMCD sum rules51: 2 

𝑚𝑜𝑟𝑏 = −
2 ∫ XMCDd𝜔𝐿2,3

3 ∫ XASd𝜔𝐿2,3

𝑛ℎ, 3 

𝑚𝑠𝑝𝑖𝑛 = −
3 ∫ XMCD𝑑𝜔

𝐿3
−2 ∫ XMCD𝑑𝜔

𝐿2,3

∫ XAS𝑑𝜔
𝐿2,3

𝑛ℎ, 4 

where morb and mspin are the orbital and spin magnetic moments in units of μB, respectively, 5 

and nh is the number of 3d holes. Here, assuming that the valence of Fe is 3+, nh was set 6 

to 5. The correction factor of 0.68552 for the Fe3+ ion was used to estimate mspin. The 7 

values of mspin and morb under μ0H = 1 T, 4 T, and 7 T at T = 10 K estimated from the 8 

XMCD sum rules are plotted as a function of μ0H in Fig. 3(a). As described below, the 9 

results of the sum rules are used to convert the XMCD – H curves to the magnetization 10 

curves. Figure 3(b) shows the μ0H dependence of morb/mspin. The increase of morb/mspin 11 

with increasing μ0H suggests that the PM component contributes more strongly to the 12 

value of morb. Since a fully ionic Fe3+ (d5) ion has no orbital magnetic moment, the finite 13 

morb of the PM component likely comes from the Fe 3d orbitals hybridized with the ligand 14 

GaAs bands. Figure 3(a) indicates that the intensity of XMCD increases with increasing 15 

μ0H. The linear-H component in Fig. 3(a), particularly at large μ0H, would be the PM 16 



 

 13 

component because paramagnetism keeps increasing with μ0H, while 1 

superparamagnetism and/or ferromagnetism eventually saturate at high magnetic fields. 2 

In contrast, in the other Fe-doped FMSs, the spectral line shapes of the XMCD spectra 3 

are unchanged with μ0H, indicating that mspin/morb is independent of μ0H. 4 

 5 

C. XMCD-H curves 6 

Figure 4(a) shows the XAS and XMCD spectra, where we have indicated photon 7 

energies at which the μ0H dependence of the XMCD intensity (XMCD – H curve) was 8 

measured. Figure 4(b) shows XMCD – H curves at various photon energies, which have 9 

been normalized such that the slope of the curve between 0 T and 0.4 T coincides with 10 

each other in order to compare the line shape of the XMCD – H curves with that of the 11 

visible-light MCD – H curve. The XMCD – H curve taken at hv = 707.7 eV, i.e., at the 12 

L3 peak, is substantially different from the other curves as expected from the magnetic-13 

field dependence of the XMCD spectra. The inset of Fig. 4(b) shows that the normalized 14 

XMCD – H curves change their slope at μ0H = ~0.5 T, unlike the linear μ0H dependence 15 

of the visible-light MCD at E1 up to μ0H ~ 1 T, as shown in Fig. 1(c). Since the visible-16 



 

 14 

light MCD reflects the Zeeman splitting of the sp bands and the XMCD reflects the spin 1 

polarization of Fe 3d electrons, the different features of the visible-light MCD – H and 2 

XMCD – H curves suggest that the Zeeman splitting is not proportional to the spin 3 

polarization of Fe 3d electrons. In contrast, in the case of the Fe-doped FMSs with a 4 

certain amount of carriers, the XMCD – H curves are nearly same as the visible-light 5 

MCD – H curves32,41. Thus, these results indicate that magnetic coupling between Fe 3d 6 

and As 4p electrons is not strong in the paramagnetic (Ga0.95,Fe0.05)As. 7 

 8 

D. Fitting of the magnetization curve 9 

As discussed above, the μ0H dependence of the XMCD suggests that multiple 10 

magnetic components are present in (Ga0.95,Fe0.05)As. First-principles calculation study53 11 

demonstrates that spin-glass states are stable for Fe ions in (Ga,Fe)As if the Ga sites are 12 

randomly replaced by Fe ions. However, spatially inhomogeneous distribution of the Fe 13 

ions induces FM Fe-Fe coupling: An interstitial Fe ion and the nearest-neighbor 14 

substitutional Fe ion are ferromagnetically coupled54. Theoretical calculations for 15 



 

 15 

(In,Fe)Sb and (Ga,Fe)Sb suggest that the cation-site Fe ion and the second-nearest-1 

neighbor Fe ion make FM coupling36. Furthermore, non-uniform distribution of the Fe 2 

ions called spinodal decomposition tends to occur in Fe-doped FMSs55. Considering the 3 

line shapes of the XMCD – H curves, we assume that the magnetism of (Ga0.95,Fe0.05)As 4 

can be decomposed into the PM and superparamagnetic (SPM) components, the latter of 5 

which is expected to originate from Fe-rich FM domains on the nm scale. 6 

To characterize the FM domains in detail, the magnetization curve obtained from the 7 

XMCD-H taken at hv = 707.7 eV is fitted by the linear combination50,38,40 of the Langevin 8 

function L(ξ) representing SPM behavior and a linear function representing PM one: 9 

𝑀 = 𝑥𝑚𝑠𝑎𝑡𝐿 (
𝜇𝜇0𝐻

𝑘B𝑇
) + (1 − 𝑥)

𝐶𝜇0𝐻

𝑇+𝑇𝐴
, 10 

𝐶 =
𝑚𝑠𝑎𝑡(𝑚𝑠𝑎𝑡+2𝜇B)

3𝑘B
, 11 

𝐿(ξ) = 𝑐𝑜𝑡ℎ(ξ) −
1

ξ
, 12 

where M is the magnetization per Fe atom, msat is the total magnetic moment of the Fe 13 

atom, C is the Curie constant, and TA is the Weiss temperature. Here, msat is set to 5 μB, 14 

the g factor is 2 for simplicity, and TA is 32 K42. Fitting parameters are the following: μ is 15 
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the total magnetic moment of a nanoscale FM domain, and x is the fraction of Fe atoms 1 

in the domain. As shown in Fig. 4(c), the fitting well reproduces the experimental curve 2 

at hv = 707.7 eV using the x and μ values of 0.10 ± 0.01 and 42 ± 5 μB, respectively. Note 3 

that the value of x is roughly estimated or has qualitatively less physical meaning in this 4 

analysis since the μ0H dependence of the XMCD intensity depends on hv reflecting the 5 

change of the XMCD spectral line shape with μ0H as shown in the inset of Fig. 2(c). That 6 

is, x depends on hv reflecting the different magnetic behavior between the SPM and PM 7 

components. On the other hand, the estimation of μ is approximately independent of hv 8 

since μ is contained only in the Langevin function and the slopes of the XMCD – H curves 9 

with low magnetic fields are nearly identical as shown in the inset of Fig. 4 (b). The 10 

magnetic moment per FM domain μ is roughly 40μB, which corresponds to 8 Fe atoms on 11 

average. This means that the average number of the Fe ions in the domain in 12 

(Ga0.95,Fe0.05)As is an order of magnitude smaller than that in the Fe-doped FMSs 13 

((Ga,Fe)Sb, (Al,Fe)Sb) with nearly 5% of the Fe concentration40,38. The less Fe ions in 14 

the domain56 indicates that the SPM component predominantly originates from the short-15 
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range magnetic interaction among the Fe ions in (Ga0.95,Fe0.05)As, as compared with the 1 

long-range magnetic interaction in the Fe-doped FMSs.  2 

 3 

E. RPES spectra at the Fe L3 absorption edge 4 

Figure 5(a) shows the hv dependence of the RPES spectra in the unetched (Ga,Fe)As 5 

thin film, where the colors of the spectra correspond to the markers on the XAS spectrum 6 

in the right panel. Here, the black spectrum in Fig. 5(a) is the off-resonant spectrum. To 7 

extract the resonant behavior, the second-derivative image of the RPES spectra, which 8 

are obtained by subtracting the off-resonant spectrum from the spectra in Fig. 5(a), is 9 

shown in Fig. 5(b). Since the resonant enhancement in the vicinity of EF has not been 10 

observed within the experimental accuracy, the Fe 3d states are not located near EF. It 11 

should be noted here that no Auger components are seen in the RPES image of 12 

(Ga0.95,Fe0.05)As. On the other hand, in the previous RPES study on (Ga,Fe)Sb32, the 13 

RPES image of (Ga,Fe)Sb contains an Auger component below EB = 4 eV. Generally, 14 

Auger components in RPES measurements are clearly observed in metallic materials57,58. 15 

Thus, this comparison indicates that the Fe 3d electrons in (Ga0.95,Fe0.05)As are more 16 
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localized than that in (Ga,Fe)Sb because the intensity of the Auger components reflects 1 

the resonantly-enhanced density of states near EF.  2 

It should be noted here that the resonant behavior observed by RPES involves both 3 

the Fe component in (Ga,Fe)As and the oxidized Fe component, because the (Ga,Fe)As 4 

film used in this RPES measurement was before HCI etching. To elucidate the origins 5 

of the resonant enhancement, it is useful to plot constant-initial-state (CIS) spectra which 6 

are the intensity plot at fixed binding energies as functions of hv. Figure 5(c) shows the 7 

CIS spectra at EB = 1.0 eV, 3.6 eV, and 6.6 eV, and the XAS spectra before and after 8 

HCI etching. Since the CIS spectrum at EB = 6.6 eV (yellow curve in Fig. 5(c)) has a 9 

peak around hv = 710 eV that can be removed by the HCl etching as described above, 10 

the RPES spectra taken around hv = 710 eV predominantly originate from the extrinsic 11 

component which gives no intensity at EF, suggesting that the extrinsic component 12 

hardly contributes to the appearance of the Auger component. Here, since the peak 13 

around hv = 708.4 eV of the CIS spectrum at EB = 6.6 eV comes from the large tail of 14 

the enhancement at EB = 3.6 eV (green curve in Fig. 5(c)), the peak around hv = 708.4 15 

eV is not attributed to the extrinsic component. The position of the main peak of the 16 
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after-etching XAS spectrum (hv = 707.7 eV in the violet curve in Fig. 5(c)) is close to 1 

the peak position of the CIS spectrum at EB = 1.0 eV (hv = 707.9 eV, red-dot curve in 2 

Fig. 5(c)) rather than that at EB = 3.6 eV (hv = 708.4 eV, green-dot curve in Fig. 5(c)), 3 

indicating that the RPES spectrum taken at hv = 707.7 eV (red thick curve in Fig. 5(a)) 4 

predominantly reflects the partial density-of-states (PDOS) of the substitutional Fe ions 5 

in (Ga,Fe)As. Thus, the CIS analysis demonstrates that the RPES spectra of the intrinsic 6 

substitutional Fe component can be distinguished from the extrinsic Fe components. 7 

Based on the similarity of the Fe 3d electronic structure between (Ga,Fe)As and 8 

(Ga,Fe)Sb32 as shown in the RPES mapping in Fig. 5(b), the resonantly-enhanced state 9 

at EB = 1.0 eV (see the red dash line in Fig.5 (a)) is assigned as the t2b↓ states35 as shown 10 

in Figs. 6(a) and 6(b), where t2b and ↓ means the bonding state formed by the p-d(t2) 11 

hybridization and minority-spin, respectively. 12 

To precisely estimate the position of the t2b↓ states, the Fe 3d PDOS spectrum (grey 13 

curve) taken at hv = 707.9 eV, which are obtained by subtracting the off-resonant 14 

spectrum (black curve in Fig. 5(a)) from the on-resonance spectrum taken at hv = 707.9 15 

eV (thick red curve in Fig. 5(a)), is fitted by a Gaussian (red curve) and an asymmetric 16 
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Gaussian (green curve) functions32,35 as shown in Fig. 5(d). Here, the asymmetric 1 

component likely comes from the bonding state between the Fe 3d states and the ligand 2 

As 4p bands. The fitting result well reproduces the PDOS spectrum. No Fermi cutoff is 3 

observed, as shown in Fig. 5(d). On the other hand, in the previous study on (Ga,Fe)Sb35, 4 

a clear Fermi cutoff is observed.  5 

 6 

F. Estimation of the valence band maximum by XPS 7 

To estimate the position of the valence band maximum (VBM), we have conducted 8 

XPS measurements with the Mg-Kα line (hv = 1253.6 eV) on the (Ga0.95,Fe0.05)As film 9 

and a  (Ga0.95,Fe0.05)Sb thin film, where the (Ga0.95,Fe0.05)Sb film is the same sample as 10 

that used in the previous study35. Figure 7 shows the XPS spectra of the VB. The values 11 

of the VBM of (Ga0.95,Fe0.05)As and (Ga0.95,Fe0.05)Sb are estimated to be 0.65 ± 0.16 eV 12 

and 0.29 ± 0.13 eV below EF, respectively, by fitting the top of the VB to a linear function. 13 

Assuming that the band gap (Eg) of (Ga0.95,Fe0.05)As is the same as that of its host 14 

semiconductor GaAs (Eg = 1.42 eV59), EF is located in the middle of the band gap in 15 
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(Ga0.95,Fe0.05)As. The result is consistent with the insulating nature of (Ga0.95,Fe0.05)As 1 

confirmed by the transport measurements. 2 

Since the peak positions of the t2b↓ states of (Ga0.95,Fe0.05)As and (Ga0.95,Fe0.05)Sb 3 

are EB = 1.0 eV (see Fig. 5(d)) and 1.6 eV35, the energy differences between VBM and 4 

the t2b↓ states of (Ga0.95,Fe0.05)As and (Ga0.95,Fe0.05)Sb are 0.35 ± 0.16 eV and 1.31  ± 5 

0.13 eV, respectively (see Fig. 6). Considering that the energy difference between the 6 

VBM and bonding states is proportional to the strength of the hybridization, this smaller 7 

value of the energy difference in (Ga0.95,Fe0.05)As than that in (Ga0.95,Fe0.05)Sb suggests 8 

that the p-d hybridization in (Ga,Fe)As is weaker than that in (Ga,Fe)Sb [see APPENDIX]. 9 

As mentioned above (section C), the disagreement between the XMCD – H and visible-10 

light MCD – H curves also suggests the weakness of the p-d hybridization in (Ga,Fe)As.  11 

 12 

G. Discussion 13 

Based on the experimental findings, let us discuss the essence of the magnetism in the 14 

Fe-doped III-V semiconductors. The Fe L2,3 XMCD spectra of the Fe-doped FMSs do not 15 
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show the pre-edge structure observed in (Ga0.95,Fe0.05)As, as shown in Fig. 2(c)32,38. In 1 

contrast to the Fe-doped FMSs, the pre-edge structure of the XMCD spectra has been 2 

observed in (Ga,Mn)As60,61. In general, since X-ray absorption occurs from core-level 3 

electrons to the unoccupied states, the pre-edge structures of XAS and XMCD reflect the 4 

unoccupied states in the vicinity of EF. For instance, as for (Ga,Mn)As, the pre-edge 5 

structure is considered to originate from the unoccupied p-d hybridized state60. The pre-6 

edge structure in the XMCD spectrum of (Ga0.95,Fe0.05)As can be seen at high magnetic 7 

fields (μ0H > 1 T), while the intensity of the pre-edge structure is probably too weak to 8 

be observed at μ0H = 1 T. Here, the XMCD spectra under μ0H = 1 T mainly reflect the 9 

SPM feature which is expected from Fe-rich FM domains in nm scale. Thus, the pre-edge 10 

structure comes from the PM component. Since the Fe 3d electronic structure of 11 

(Ga0.95,Fe0.05)As is similar to that of (Ga,Fe)Sb, the Fe 3d states related to the pre-edge 12 

structure would be elucidated by comparing (Ga0.95,Fe0.05)As with (Ga,Fe)Sb. In the case 13 

of (Ga,Fe)Sb, the e↓ states are partially occupied and the t2a↓ states are vacant35 as 14 

shown in Fig. 6(a), where subscript a means antibonding. As for (Ga,Fe)Sb, the e↓ states 15 

are gradually occupied with the increase of the Fe concentration, since the overlap 16 
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between the e↓ states and the t2a↑ states increases due to the broadening of the Fe 3d 1 

states33,35 (see Fig. 6(a)). When the Fe concentration increases, (Ga,Fe)As would show 2 

the same trend of the e↓-state occupancy as (Ga,Fe)Sb. The μ0H dependence of the pre-3 

edge structure of (Ga0.95,Fe0.05)As can be explained by the difference of the occupancy of 4 

the e↓ states between the SPM and PM components. It is likely that the absence of the 5 

pre-edge structure in (Ga,Fe)Sb results from the partial occupation of the e↓ states, as 6 

shown in Fig. 6(a). The e↓ states of the SPM component are expected to be slightly 7 

occupied in (Ga0.95,Fe0.05)As like the partial occupation of the e↓ states in (Ga,Fe)Sb as 8 

shown in Fig. 6(a). Taking into account that there is no resonant enhancement in the 9 

vicinity of EF in (Ga0.95,Fe0.05)As, as shown in Fig. 5(d), the e↓ states of (Ga0.95,Fe0.05)As 10 

is probably vacant in the PM region and the pre-edge structure would reflect the 11 

unoccupied e↓ states. The Fe 3d electronic structure of (Ga0.95,Fe0.05)As of the PM region 12 

is schematically shown in Fig. 6(b).  13 

The comparison of the electronic structures between (Ga0.95,Fe0.05)As and (Ga,Fe)Sb 14 

indicates that the occupation of the e↓ states is the key element of ferromagnetism in Fe-15 

doped FMSs. The difference of the e↓-state occupancy between PM (Ga0.95,Fe0.05)As and 16 
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FM (Ga,Fe)Sb likely reflects the difference of the strength of the p-d hybridization: Since 1 

the energy separation between the VBM and the t2a↑ states is proportional to the strength 2 

of the p-d hybridization, the overlap between the e↓ states and t2a↑ states, which possibly 3 

leads to the electron occupation in the e↓ state (in the p-type cases), depends on the p-d 4 

hybridization27,29.  5 

To decompose the role of the carriers and Fe 3d(e↓) electrons, let us apply the above-6 

mentioned discussion on (Ga0.95,Fe0.05)As to (Al,Fe)Sb and (Ga,Fe)Sb quantum wells. 7 

The previous study on (Al,Fe)Sb24 demonstrates that (Al,Fe)Sb is insulating at low 8 

temperatures although Hall measurements can be conducted at room temperature, and it 9 

is considered that the ferromagnetism mainly originates from the short-range interaction 10 

in the Fe-rich domains due to the low carrier concentration. The XMCD study on 11 

(Al,Fe)Sb suggests that Fe ions take the 3d6 configuration with a ligand hole38. From the 12 

first-principles calculation37, (Al,Fe)Sb has partially-occupied e↓ states. Since the TC and 13 

carrier concentration of (Al,Fe)Sb are lower than those of (Ga,Fe)Sb with the same Fe 14 

concentration22,24, TC probably rises with the increase of the e↓-state occupation under 15 

the condition of the constant Fe concentration. Moreover, the previous study on 16 



 

 25 

(Ga,Fe)Sb quantum wells22 demonstrates that TC of the (Ga,Fe)Sb quantum wells falls 1 

with the decrease of the well thickness. The drop in the TC of the (Ga,Fe)Sb quantum 2 

wells can be explained by the decrease of the carrier concentration due to a carrier 3 

depletion layer at the interface between the AlSb buffer and the (Ga,Fe)Sb quantum-well 4 

layers22. The decrease of the carrier concentration leads to the decrease of the e↓-state 5 

occupation. Note that the behavior of the carrier concentration and that of the e↓-state 6 

occupation are different from those of the usual “p-type” materials depending on the 7 

strength of the p-d hybridization, since the carriers are derived from the (relatively) wide 8 

t2a↑ band rather than the localized e↓ states. Additionally, a previous SX-ARPES study 9 

on n-type (In,Fe)As has revealed that the partial occupation of the e↓ state results in the 10 

large s-d exchange interaction, leading to the electron-carrier induced ferromagnetism39. 11 

This means, in the n-type Fe-doped FMSs, the occupation of the e↓ states is indispensable 12 

for the development of ferromagnetism as in the case of the p-type ones. Therefore, it 13 

follows from these arguments that ferromagnetism develops in the Fe-doped FMSs, for 14 

both p-type and n-type, when the e↓ states are partially occupied. 15 

 16 
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 IV. SUMMARY  1 

We have performed RPES and XMCD measurements on PM (Ga0.95,Fe0.05)As thin 2 

films to unveil the origin of the magnetism in Fe-doped III-V semiconductors. The RPES 3 

spectra of (Ga0.95,Fe0.05)As reveal that the Fe 3d states are similar to those of (Ga,Fe)Sb 4 

except for the Auger component. The absence of the Auger component indicates that the 5 

Fe 3d electrons are localized in (Ga,Fe)As. The estimated Fermi level is located in the 6 

middle of the band gap in the (Ga0.95,Fe0.05)As film, consistent with the fact that the carrier 7 

concentration is too low to perform Hall measurements. The Fe XMCD spectra of 8 

(Ga0.95,Fe0.05)As show peaks in the pre-edge region, which are not observed in the Fe-9 

doped FMSs. We argue that this pre-edge features originate from the localized unoccupied 10 

e states just above EF. The XMCD results suggest that the short-range magnetic 11 

interaction among the Fe ions is dominant in (Ga0.95,Fe0.05)As unlike in the Fe-doped 12 

FMSs. The small energy difference between the VBM and the t2b ↓  states of 13 

(Ga0.95,Fe0.05)As suggests the p-d hybridization in (Ga,Fe)As is weaker than that in 14 

(Ga,Fe)Sb. The unoccupied e↓ states originate from the weak p-d hybridization. Based 15 

on the experimental findings, we conclude that the occupancy of the e↓ states contributes 16 
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to the appearance of the ferromagnetism in the Fe-doped III-V semiconductors, not only 1 

for n-type but also for p-type compounds, and that TC rises with the increase of the e↓-2 

state occupation. It has been believed that the itinerant Fe 3d electrons mainly contribute 3 

to the ferromagnetism in the FMSs so far. This study suggests that, in addition to the t2 4 

states that well hybridize with the ligand, the relatively localized e states also play an 5 

important role for the ferromagnetism in the Fe-doped FMSs.  6 

 7 
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APPENDIX: Estimation of the energy splitting by the hybridization 9 

In general, the hybridization of molecular orbitals is estimated as follows: 10 

The two orbitals (ϕ1,  ϕ2) form a hybridized state (𝛷). The schematic energy diagram 11 

is shown in Fig. 8(a). 𝛷 is given by the following equation: 12 

𝛷 = 𝑐1ϕ1 + 𝑐2ϕ2. 13 

Here, for the Hamiltonian (H), we write the values like following: 14 

< ϕ𝑖|𝐻|ϕ𝑖 > = α𝑖  (𝛼1 ≥ 𝛼2). 15 

< ϕ𝑖|𝐻|ϕ𝑗 > =  𝛽. 16 
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For simplicity, we assume < 𝜙𝑖  |ϕ𝑗 > = 0. The secular equation is given by 1 

|
α1 − 𝐸 𝛽

𝛽 α2 − 𝐸
|  =  0. 2 

The eigen values are 3 

𝐸± =
α1+α2±√(α1−α2)2+4β2

2
. 4 

The change of the energy difference (Δ𝐸) due to the hybridization is 5 

Δ𝐸 = (𝐸+ − 𝐸−) − (α1 − α2)  6 

= (
𝛼1 + 𝛼2 + √(𝛼1 − 𝛼2)2 + 4𝛽2

2
−

𝛼1 + 𝛼2 − √(𝛼1 − 𝛼2)2 + 4𝛽2

2
) − (α1 − α2) 7 

= √(α1 − α2)2 + 4β2 − (α1 − α2)=𝛽 {√(
𝛼1−𝛼2

𝛽
)

2
+ 4 −

𝛼1−𝛼2

𝛽
}. 8 

Here, Δ𝐸 is defined as the change of the energy difference between antibonding and 9 

bonding states caused by the hybridization. SinceΔ𝐸 is monotonically decreasing with 10 

increasing the orbital-energy difference ((𝛼1 − 𝛼2) 𝛽⁄ )  as shown in Fig. 8(b), the 11 

change in the energy splitting is larger when 𝛼2 is closer to 𝛼1. 12 

Thus, this smaller value of the energy difference between the valence band maximum 13 

(VBM) and the bonding state in (Ga0.95,Fe0.05)As (the energy of the bonding state relative 14 

to the VBM in (Ga0.95,Fe0.05)As) than that in (Ga0.95,Fe0.05)Sb (the energy of the bonding 15 

state relative to the VBM in (Ga0.95,Fe0.05)Sb) indicates that the p-d hybridization in 16 
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(Ga,Fe)As is weaker than that in (Ga,Fe)Sb.  1 

 2 
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 1 

FIG. 1: Characterization of the (Ga0.95,Fe0.05)As thin film. (a) RHEED pattern of the (Ga0.95,Fe0.05)As 2 

film taken along the [-110] azimuth after the MBE growth. (b) Normalized reflection visible-light 3 

MCD spectra measured at T = 10 K under magnetic fields μ0H = 0.2 T, 0.5 T, and 1 T applied 4 

perpendicular to the film. (c) visible-light MCD-H curves measured at E1 (hv = 2.73 eV). 5 
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FIG. 2: Fe L2,3-edge XAS and XMCD spectra of (Ga0.95,Fe0.05)As at T = 10 K. (a) XAS spectrum 1 

of after-etching (purple curve) and before-etching (green curve) samples, where dashed black curves 2 

represent the background. (b) and (c) Magnetic-field dependence of XAS and XMCD spectra, 3 

respectively. Here, the spectra have been normalized to the height at h = 708 eV. In the inset, the 4 

XMCD spectra at the L3 edge are enlarged and the pre-edge structures are clearly observed. 5 

 6 

 7 

FIG. 3: Spin and orbital magnetic moments estimated using the XMCD sum rules. (a) Magnetic-field 8 

dependence of orbital (left axis, round markers) and spin (right axis, triangle markers) magnetic 9 

moments. Here, the error originates from the shape of the background and the magnetic-field 10 

dependence of the XMCD intensity. (b) Magnetic-field dependence of the orbital magnetic moment-11 

to- spin magnetic moment ratio. 12 
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 1 

FIG. 4: Magnetic field dependence of the XMCD of (Ga0.95,Fe0.05)As. (a) XAS and XMCD spectra, 2 

where the photon energies used for the XMCD-H measurements are indicated by dashed bars. (b) 3 

XMCD-H curves taken at various hv’s, where the XMCD-H curves have been normalized such that 4 

the slopes of the curves between 0 T and 0.4 T become the same. In the inset, the normalized XMCD-5 

H curves between 0.1 T and 1 T are enlarged, where the black line represents the XMCD intensity 6 

proportional to μ0H. (c) Fitting of the magnetization curve taken at hv = 707.7 eV. The fitting result is 7 

shown by the solid black curve. Here, the PM and SPM components of the fitting result are represented 8 

by black dotted and dash-dotted curves, respectively. 9 
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 1 

FIG. 5: RPES spectra of a unetched (Ga0.95,Fe0.05)As thin film. (a) RPES spectra taken at various 2 

hv’s across the Fe L3 absorption edge. The colors of the spectra correspond to those of the markers 3 

on the XAS spectrum in the right panel. The RPES spectrum represented by the thick red curve in 4 

the left panel is taken at hv = 707.9 eV. (b) Second-derivative image of the RPES spectra, which are 5 

obtained by subtracting the off-resonant spectrum (black spectrum in Fig. 5(a)) from the spectra in 6 

Fig. 5(a). (c) CIS spectra EB = 1.0 eV, 3.6 eV, and 6.6 eV. For comparison, XAS spectra before and 7 

after etching are also plotted. (d) Fitting of the PDOS spectrum taken at hv = 707.9 eV. The solid 8 

gray, solid black, solid red, solid green curves represent the PDOS spectrum, sum of fittings, an 9 

asymmetric Gaussian fitting, and a Gaussian fitting, respectively. Here, the PDOS spectrum is 10 

obtained by subtracting the off-resonant spectrum from the RPES spectrum taken at hv = 707.9 eV. 11 
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  1 

FIG. 6: Schematic energy diagrams of (a) (Ga0.95,Fe0.05)Sb33 and (b) (Ga0.95,Fe0.05).  2 

 3 

 4 

FIG. 7: Mg-Kα XPS spectra of (Ga0.95,Fe0.05)As and (Ga,Fe)Sb near the VBM at room temperature. 5 

Here, orange and blue markers represent the XPS spectra of (Ga0.95,Fe0.05)As and (Ga,Fe)Sb, 6 
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respectively. The solid lines are the results of the linear fitting. The estimated positions of the VBM 1 

of (Ga0.95,Fe0.05)As and (Ga,Fe)Sb are EB = 0.65 ± 0.16 eV and 0.29 ± 0.13 eV, respectively. 2 

 3 

 4 

FIG. 8: Orbital hybridization. (a) Schematic image of the orbital hybridization. (b)  Isolate-orbital-5 

energy ratio ((𝛼1 − 𝛼2) 𝛽⁄ ) dependence of the energy splitting by the hybridization (ΔE). Here, Δ𝐸 6 

is defined as the change of the energy difference between antibonding and bonding states caused by 7 

the hybridization. 8 


