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Abstract 

Temperature(T)- and depth-dependent valence band (VB) electronic structures of an AlOx-capped 

L21-ordered Co2MnSi (CMS) thin film were studied by hard x-ray photoelectron spectroscopy 

(HAXPES) combined with x-ray total reflection (TR) to reveal the electronic states of the inside of 

CMS film (bulk) and near-interface region of CMS beneath the AlOx layer.  The depth-dependent 

magnetic states of Co and Mn in CMS were also studied by magnetic circular dichroism (MCD) in 

core-level HAXPES measurements combined with TR.  The VB HAXPES spectra obtained at T = 

20, 100, 200, and 300 K showed the clear T dependence in the spectral shapes for both the near-

interface and bulk regions of CMS, but the T dependence of electronic states between the near-

interface and bulk regions are different as well as the T-dependent magnetization of CMS for the near-

interface and bulk regions obtained by the Co and Mn 2p core-level MCD-HAXPES measurements.  

The T-dependent VB HAXPES spectra of CMS in the bulk region qualitatively agreed with the 

electronic structure calculations with the disordered local moment method for bulk CMS, indicating 

the importance of the spin fluctuations on the electronic states of bulk CMS at a finite T and the 

enhanced spin fluctuations in the near-interface region of CMS.  These results suggest that the direct 

probing of the electronic and magnetic states of the insulator/ferromagnet heterojunctions in a non-

destructive way is important to reveal the properties of ferromagnet for the near-interface and bulk 

regions at a finite T.   
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I. Introduction 

   Temperature (T) dependence of spin-resolved electronic states near the Fermi-level (EF) of 

prototypical ferromagnetic materials (FMs) with Curie temperature (TC) much higher than room 

temperature (RT) is expected to be very small in the T range between 0 K and 0.4TC, since the 

magnetization (M) of FMs is almost unchanged according to the Bloch T3/2 law, which is given by 

M(T)/M(0 K) = 1-aT3/2 (a is coefficient for T < ~0.4TC).  A giant or tunnel magnetoresistance (GMR 

or TMR) junction, which consists of two FM layers with high TC as top and bottom magnetic 

electrodes separated by a nonmagnetic metal or nonmagnetic insulator layer, has brought into 

applications such as read heads for hard disk drives [1] and magnetic random-access memories [2].  

A TMR effect utilizes a spin-dependent transport near EF between two FMs through an insulator, and 

a TMR junction exhibits a low (high) resistance state in the parallel (antiparallel) configuration of M 

between two FM electrodes.  The performance of TMR junction is characterized by the ratio given 

by (RAP-RP)/RP, where RAP and RP are the resistance for the M antiparallel and parallel (MAP and MP) 

configurations, respectively.  Particularly, TMR junctions using predicted half-metals as a magnetic 

electrode with a barrier layer (e.g., AlOx, MgO) exhibit a huge TMR ratio, because the property of 

half-metals, in which the minority spin band has a band gap across EF and the majority spin band is 

metallic, leading strong enhancement of RAP in the MAP condition due to the spin-dependent tunneling.  

In fact, by using the predicted half-metal of Co2MnSi (CMS) and Co2(Mn,Fe)Si (CMFS), TMR ratios 

of 570% at 2 K [3], 2010% at 4.2 K [4], and 2610% at 4.2 K [5] have been reported for the 

CMS/AlOx/CMS, the CMS/MgO/CMS, and CMFS/MgO/CMFS junctions, respectively.  However, 

these TMR ratios drastically reduce to 67, 335 and 429% for the CMS/AlOx/CMS, CMS/MgO/CMS 

and CMFS/MgO/CMFS junctions at around RT [3-5], respectively, in spite of that the T dependence 

of spin-resolved electronic states and M(T) are expected to be small below RT owing to high TC 

(~1000 K) of CMS and CMFS.  Similarly, the GMR junction of Co2FeGa0.5Ge0.5 (CFGG)/Ag/CFGG 
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also shows the reduction of GMR ratio with increasing T (285% at 10 K and 82% at RT)[6].  The 

strong reduction of the ratio with increasing T by the use of not only half-metallic electrodes but also 

prototypical ferromagnetic electrodes (such as Fe, CoFe) is unclarified yet [7], and is an issue to be 

solved to realize high-performance practical devices operating at RT and/or higher T. 

   To investigate the strong reduction of TMR ratio, the T- and spin-dependent electronic structures 

of L21-ordered CMS have been studied by the density functional theory (DFT) calculations [8-10] 

with the local spin density approximation (LSDA) or the generalized gradient approximation (GGA).  

The LSDA calculations combined with the dynamical mean-field theory (DMFT) for treating a finite 

T effect have reported the shift of the majority spin band toward EF and the increase of the minority 

band states at EF (or evolution of so-called nonquasiparticle (NQP) states) with increasing T [8].  The 

LSDA calculations with the disordered local moment (DLM) method for treating spin fluctuations at 

a finite T have also reported the increase of the minority spin states at EF (not due to NQP states) with 

increasing T and weak T-dependent spin-resolved electronic states in the energy range between –4 

and 4 eV relative to EF [9].  The GGA-DLM calculations at T = 300 K have shown similar results 

for the LSDA-DLM calculations, even the effect of phonon has been included in the calculations [10].  

Although M(300 K) is ~0.98 times of M(0 K) for bulk CMS due to high TC as referred to the M(T) 

measurement [11] and the similar reduction of M(300 K)/M(0 K) is considered in the above-

mentioned DMFT and DLM calculations, a larger reduction of spin polarization (SP) at EF at 300 K 

relative to SP at 0 K compared to the M(T) behavior indicates that CMS is no longer half-metal at a 

finite T and that SP at EF as a function of T is not proportional to M(T).  In contrast to the LSDA-

DMFT calculations [8], Miyamoto et al. [12] have reported no distinct T dependence on the valence 

band (VB) spectral shape of polycrystalline bulk CMS measured by bulk-sensitive hard x-ray 

photoemission spectroscopy (HAXPES).  Note that the VB spectra in HAXPES generally reflect the 

Brillouin zone (BZ) averaged density of states (DOS) multiplied by photoionization cross-sections 
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[13].  In our previous work [14], bulk-sensitive spin-resolved VB HAXPES measurements have 

revealed that SP at EF of ~90% at T = 21 K is almost independent on T for an epitaxial CMS(001) 

film up to 300 K, in sharp contrast to the strong T-dependence of SP at EF reported in the LSDA-

DLM calculations [9].  Thus, further investigation on the electronic structures and magnetic 

properties are required to understand the strong T-dependent TMR ratio.  One suspects that the 

electronic and magnetic states near the insulator/half-metal interfaces play an important role in the 

strong T-dependent TMR ratio, as already reported in several theoretical studies on the 

CMS/MgO/CMS and related structures at T = 0 K [15-19].     

   Very recently, the experimental depth-dependent HAXPES measurements combined with x-ray 

total reflection (TR) for an AlOx-capped epitaxial CMS(001) thin film at RT have reported the slight 

changes in the VB spectral shapes of CMS between the near-interface region of the AlOx/CMS 

heterojunction and the inside of the CMS film (bulk region) [20].  In addition to the changes in the 

spectral shapes, the results for the Co and Mn 2p core-level magnetic circular dichroism (MCD) in 

HAXPES have revealed that both the Co and Mn magnetic moments along the easy M axis of the 

CMS in near-interface region reduces to ~0.77 times compared to those in the bulk region.  The 

possible origin of the changes in the VB spectral shapes and M between the near-interface and bulk 

regions is considered to be enhanced spin-wave excitations near the interface due to the weakened 

exchange interaction between the local magnetic moments near the interface compared to the bulk 

region.  To clarify the impact of spin-wave excitations, observations of the T-dependent electronic 

and magnetic states of CMS in the near-interface and bulk regions by HAXPES are a fairly 

straightforward way. 

In this work, we focus on the T-dependent electronic states of the near-interface of CMS adjacent 

to the AlOx layer (near-interface region) and the inside of the CMS film (bulk region) of the AlOx 

capped CMS(001) film, which were obtained by using TR- and non-TR-HAXPES, respectively, in a 
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non-destructive way.  In addition, MCD-HAXPES was used as an element specific probe for M like 

MCD in x-ray absorption spectroscopy (XAS).  XAS-MCD is a useful technique to determine the 

spin and orbital magnetic moments through the magneto-optical sum rule with an appropriate 

assumption of the number of holes in outer shells [21, 22].  On the other hand, MCD-HAXPES gives 

a relative M, which is proportional to the magnitude of MCD signal, and it is possible to detect the 

relative changes of M against a depth from the interface in combination of TR.  Information about 

M of the near-interface and bulk regions of the AlOx/CMS structure was obtained by the Co and Mn 

2p core-level MCD-HAXPES measurements at T = 20 K and was compared with the MCD-HAXPES 

results at T = 300 K [20].  The magnetization of CMS in the bulk region was almost T-independent, 

while that in the near-interface region showed faster demagnetization with increasing T.  The VB 

HAXPES spectra of the CMS film clearly showed the changes in the VB spectral shapes in both the 

bulk and near-interface regions, while the spectra for the near-interface region differ from those for 

the bulk region.  The T-dependent VB spectral shapes and M behaviors suggested the importance of 

the spin-wave excitations on the electronic and magnetic states of CMS at a finite T, and the 

enhancement of the spin-wave excitations near the interface compared to the bulk region was 

confirmed.   

 

II. Experiment 

   Two CMS epitaxial film samples were prepared by using an ultrahigh vacuum (UHV) sputtering 

system.  One sample is a 30-nm-thick L21-ordered CMS(001) film grown on a MgO(001) substrate, 

in which the CMS top layer is covered with an AlOx(3 nm) layer for the HAXPES measurements.  

The other sample is a 30-nm-thick L21-ordered CMS(001) film grown on a 

Ag(001)/Cr(001)/MgO(001) substrate, where a Ag (Cr) layer thickness is 80 (30) nm, and the CMS 

surface is covered with a AlOx(1 nm) layer, for the soft x-ray angle-resolved photoelectron 
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spectroscopy (SX-ARPES) measurements.  The AlOx films act as a protection layer and form an 

insulator/ferromagnet heterointerface.  The saturation magnetic moment, remanent to saturation M 

ratio (Mr/Ms), coercivity of the CMS films along the [100] direction (easy M axis) of the CMS film 

on the MgO(001) substrate are ~4.3 µB, ~0.97, and ~16.5 Oe, respectively, and those on the 

Ag/Cr/MgO(001) are ~4.0 µB, ~0.99, and ~10.0 Oe, respectively.  Details of sample preparation and 

characterization have been reported in our previous work [14,20]. 

   The MCD-HAXPES measurements of the AlOx(3 nm)/CMS(30 nm)/MgO(001) sample for the 

Co and Mn 2p core-level regions were performed at the revolver undulator beamline BL15XU [23,24] 

of SPring-8.  The used sample was identical to that used in the previous MCD-HAXPES 

measurements [20].  The sample T was kept at 20 K during the MCD-HAXPES measurements.  

The sample was magnetized in situ applied a magnetic field of 3 kOe along the [100] direction of the 

CMS film in an analysis chamber for HAXPES.  The left-and right-handed circularly polarized 

(LCP and RCP) x-rays with the photon energy (hn) of 5.95 keV were used to observe MCD in the 

core-level HAXPES measurements for the sample in a Mr state, where the degree of circular 

polarization (PC) was ~0.95 for both LCP and RCP x-rays [25].   

   The T-dependent VB HAXPES measurements for the AlOx(3 nm)/CMS(30 nm)/MgO(001) 

sample, which was prepared by the same procedure as mentioned in Ref. [20], were performed at the 

undulator beamline BL09XU [26] of SPring-8.  The horizontal and vertical linear polarized (H-pol 

and V-pol) x-rays were used to observe the polarization-dependent VB HAXPES spectra at T = 20, 

100, 200, and 300 K with hn of 5.95 keV.  The degree of linear polarization (PL) for H-pol and V-

pol x-rays were ~1.00 and ~0.90, respectively [26]. 

   The x-ray band width of 5.95 keV x-rays was reduced to below 100 meV by Si(111) double crystal 

monochromator and post Si 333 channel-cut monochromator (CCM) at BL15XU or post Si 311 

double CCM at BL09XU.  The H-pol x-rays produced from planar undulators were converted to 
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obtain the LCP, RCP, and V-pol x-rays by using a diamond phase retarder at both the beamlines.  A 

nearly normal emission geometry was adapted in all HAXPES measurements, where the [100] 

direction of CMS films was nearly parallel to the incident x-rays and the E-vector of H-pol x-rays 

was nearly parallel to the surface normal (the [001] direction) of the CMS film.  The photoelectrons 

were detected and analyzed by a high-resolution hemispherical electron analyzer (VG Scienta R4000) 

in an angle-integrated transmission mode with the acceptance angle of approximately ±7°.  The 

experimental configuration of HAXPES in this work is shown in Fig. S1 in Supplemental Material 

[27].  Total energy resolution (DE) of HAXPES was set to ~150 meV, which was verified by the 

Fermi edge of an evaporated Au film. 

   The electronic and magnetic states of the near-interface region of AlOx/CMS and the bulk region 

of the buried CMS film were obtained by the HAXPES measurements in the TR and non-TR 

conditions, respectively.  The incidence angles (q) with respect to the sample surface were set to 

0.368° and 2.0° for TR and non-TR conditions, respectively.  The q was referred to the calculated 

TR critical angle (qC) of CMS (0.505°) according to Ref. [34], where experimental qC was found by 

the intensity maximum of the Co 3s photoemission as a function of the sample rotation angle as 

described elsewhere [35].  To numerically estimate the effective inelastic mean-free-path (IMFP) of 

photoelectrons (leff) in the TR and non-TR conditions, IMFP of electrons (le) and x-ray attenuation 

length (lp) were calculated according to Refs. [34-36], resulting leff = le × lp /( le + lp).  Since le 

and lp depend on the kinetic energy of photoelectrons and q, respectively, leff also depends on these 

parameters. 

   The AlOx(1 nm)/CMS(30 nm)/Ag(80 nm)/Cr(30 nm)/MgO(001) sample was used for SX-ARPES, 

since the thin AlOx capping layer was suitable due to shorter le (~1 nm) in solids for the SX excitation.  

The measurements were performed at the twin-helical undulator beamline BL25SU [37] of SPring-

8.  The DE and angular resolution in SX-ARPES by using a high-resolution electron analyzer (VG 
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Scienta DA30) were set to ~80 meV and ~0.2°, respectively.  To probe the G-X direction in the 

momentum space of CMS at T = 30 K, hn of 455 and 552 eV was selected according to our previous 

work [20].  Both the LCP and RCP x-rays were used simultaneously to prevent from detecting 

magnetic and/or non-magnetic circular dichroism in SX-ARPES for the band dispersion of CMS 

underneath the AlOx layer.  The reported PC was ~0.96 [38].  The q was set to 5° to avoid TR in 

SX region.  For both HAXPES and SX-ARPES, the binding energy (EB) was referred to EF of Au. 

 

III. Theoretical calculations 

   The T-dependent partial DOSs (PDOSs) of the d(xy, yz, zx, x2-y2, 3z2-r2), p(x, y, z), and s orbitals 

for each element in L21-ordered CMS were used to the VB HAXPES simulations with considering 

the matrix element (ME) effect [39], where the PDOSs were the same data in Ref. [9].  Since the 

epitaxial CMS film is used in this work, the ME effect, which gives the photoelectron angular 

distribution for each atomic orbital, cannot be negligible for the polarized x-ray excitation in the 

simulation of VB HAXPES spectra.  As described in Ref. [9], the multiple-scattering Green’s 

function formalism in the Korringa-Kohn-Rostoker method [40,41], which was implemented by 

HUTSEPOT code [42], was used to calculate the spin-polarized electronic states of CMS at zero 

temperature.  The spin-polarized electronic states at a finite T, in which the spin fluctuations within 

the mean-field approximation were treated, were obtained by the DLM method [43] with LSDA [44].  

Details of the LSDA-DLM calculations for CMS were given in Ref. [9]. 

   To treat the x-ray polarization dependence in the simulation for the VB HAXPES spectra of CMS, 

the photoelectron angular distributions (i.e. ME effect) for s, p(x, y, z), and d(xy, yz, zx, x2-y2, 3z2-r2) 

orbitals in the dipole approximation with including photoelectron diffraction (PED) effect [45] for 

H-, V-, and C-pol x-rays were calculated.  The energy of photoelectron and the radius of spherical 

CMS cluster were set to 5945 eV and ~1.7 nm, respectively.  The photoelectron intensity in the 
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acceptance angle (~0.06 sr) of the electron analyzer for HAXPES with respect to that in 4p sr was 

used to evaluate the photoionization cross-section with including the ME effect.  Here, the cross-

section of each atomic orbital at hn = 6 keV for 4p sr was obtained from Ref. [46].  The sum of the 

PDOSs multiplied by the cross-sections for each atomic orbital with including ME (i.e. ME weighted 

DOS: MEW-DOS) enables us to compare the theoretical and experimental electronic states of CMS.  

The MEW-DOSs are convoluted by a Lorentzian function [full width at half maximum (FWHM) 

varying ∼0.24×EB (eV)] [14,25], then are multiplied by the Fermi-Dirac function at a finite T, and 

finally are convoluted by a Gaussian function (FWHM of DE in the HAXPES experiments) to 

simulate the polarization- and T-dependent VB HAXPES spectra of CMS. 

  

IV. Results 

A. Core-level MCD-HAXPES spectra of AlOx/CMS(001) film 

   Figure 1 shows the Co and Mn 2p core-level HAXPES spectra for the AlOx(3 nm)/CMS(30 

nm)/MgO(001) structure measured with LCP and RCP x-rays in the non-TR and TR conditions at T 

= 20 K.  The intensity difference between the LCP and RCP spectra is defined as MCD.  In Figs. 

1(a) and 1(b), the Co 2p HAXPES and MCD spectra in the non-TR and TR conditions are similar 

each other and are similar to those measured at T = 300 K [20].  These similarities are also seen in 

the Mn 2p HAXPES and MCD spectra in Figs. 1(c) and 1(d).  The spectral shapes of the Co (Mn) 

2p MCD depend on neither TR, non-TR, nor T except the magnitude of MCD.  The MCD in the 

2p3/2 region shows the negative-to-positive sign change with increasing EB and shows opposite 

behavior in the 2p1/2 region in both Co and Mn regardless of leff.  The same sign changes in the Co 

and Mn 2p MCD spectra at T = 20 K in the non-TR and TR conditions indicate that the Co and Mn 

M’s are parallel each other.  In Figs. 1(a) and 1(b), the Co 2p HAXPES spectra show the satellite 

(hump) structure in the higher EB side of both the 2p3/2 and 2p1/2 main peaks as indicated by the red 
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arrows.  This hump structure has been commonly observed in Co-based Heusler alloys [47-50], but 

the origin of the hump structure is unclarified yet.  In Fig. 1(e), this hump shows positive (negative) 

MCD in the 2p3/2 (2p1/2) region indicated by the red arrows.  In contrast, the Fe 2p HAXPES spectra 

show the tail structure in the higher EB side of both the 2p3/2 and 2p1/2 main peaks as indicated by the 

blue arrows as shown in Figs. 1(c) and 1(d).  This tail structure shows also positive (negative) MCD 

in the 2p3/2 (2p1/2) region indicated by the blue arrows in Fig. 1(f).  A possible origin of the hump 

structure in the Co 2p HAXPES spectra in CMS is due to the multiplet structures, which depend on 

the number of 3d electrons, in the photoemission final states; the multiplet states in the final states 

cannot be ignored for a metal with relatively localized 3d orbital.  Detail discussion is described in 

Ref. [27].  

   Since core-level MCD in HAXPES is an element specific method and is proportional to M 

projected onto the incident x-ray direction (see Fig. S1 in Ref. [27]), the element-, T-, and leff-

dependent M’s of CMS are evaluated and illustrated in Fig. 2.  Here, the magnitude of huge negative 

Mn (Co) 2p3/2 MCD is normalized by the Mn (Co) 2p3/2 main peak height in the sum of the LCP and 

RCP HAXPES spectra, and M (i.e., magnitude of MCD) of each element is normalized at T = 20 K 

in the non-TR condition (bulk region).  The magnitude of MCD at T = 300 K was taken from Ref. 

[20].  The magnitudes of MCD in the non-TR condition (leff ~6 nm) for both Co and Mn agree with 

the normalized M curve as a function of T [m(T) = 1-aT 3/2 with a = 2.81´10-6 K-3/2] for the bulk 

CMS single crystal reported in Ref. [11], while those in the TR condition (leff ~2 nm) are smaller 

compared to the results in the non-TR condition.  For the TR condition (near-interface region), the 

magnitude of MCD follows m(T) = 0.825(1-aT 3/2) with a = 1.46´10-5 K-3/2.  The value of a in the 

near-interface region is ~5 times larger than that in the bulk region.  This result indicates that m(T) 

in the near-interface region (m(T)interf) for both Co and Mn faster decreases with increasing T 

compared to m(T) in the bulk region (m(T)bulk) due to larger spin-wave excitations in the near-interface 



 12 

region.  Note that m(T)interf does not approaches to that for the CMS film inside even at T = 0 K; m(0 

K)interf is 0.825 times of m(0 K)bulk. 

   

B. Polarization-, T- and leff-dependent VB HAXPES spectra of AlOx/CMS(001) film 

   Figure 3(a) shows the VB spectra of the AlOx(3 nm)/CMS(001) film measured at T = 20 - 300 K 

in the non-TR condition with leff ~6.9 nm (bulk region) for H-pol x-rays.  The spectra commonly 

showed the shoulder (labeled A) near EF, small peak (B) at EB ~0.7 eV, main peak (C) at ~1.3 eV, 

shoulder (D) at ~1.8 eV, and small hump (E) at ~2.7 eV.  As refereed to the spectrum at T = 20 K, 

the intensity of peak C decreased with increasing T.  The decrease of peak C intensity was also 

confirmed from the intensity difference spectra of I(T-20K) in the figure.  The T dependence on the 

VB spectral shapes measured at T = 20 and 100 K is very weak.  A discontinuous change in the 

spectral shape occurs at T between 100 and 200 K, and again the T dependence on the spectral shape 

is very weak at T = 200 and 300 K.  Figure 3(b) shows the VB spectra of the CMS film measured at 

T = 20 - 300 K in the non-TR condition (bulk region) for V-pol x-rays to clarify the contribution of 

atomic orbitals in the VB spectra.  The changes in the spectral shapes against T exist but are very 

weak compared to the case of H-pol x-rays.  

In the VB spectra for V-pol x-rays (Fig. 3(b)), the shoulder D and the hump E were weakened, the 

peaks B and C were broadened, and the shoulder A was reduced in comparison with the VB spectrum 

for H-pol x-rays (Fig. 3(a)).  These changes suggest that the shoulders A and D and hump E involve 

an s orbital like band character and that peaks B and C appear as different d orbital symmetries by the 

change of x-ray polarization.  The calculated polarization-dependent cross-sections including ME 

and PED effects in Table I show that a major (minor) contribution of the Co and Mn 3d orbitals is the 

3z2-r2 (yz and zx) component for H-pol x-rays, while the major (minor) contribution of the yz (3z2-r2) 

component in the 3d orbitals is found in V-pol x-rays.  In addition, the Co 4s, Mn 4s, and Si 3s show 
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huge (small) cross-section for H-pol (V-pol) x-rays, which is a characteristic of HAXPES [25,51-53].  

Thus, the polarization-dependent HAXPES measurements help to clarify the atomic orbital 

symmetries in the VB spectra. 

   Figures 3(c) and 3(d) show the T-dependent VB spectra of the AlOx(3 nm)/CMS(001) film for the 

near-interface region measured with H- and V-pol x-rays, respectively, in the TR condition (leff ~2.0 

nm).  For comparison, the VB spectra for bulk region at T = 20 K in Figs. 3(a) and 3(b) were overlaid 

in Figs. 3(c) and 3(d), respectively.  The intensity difference spectra of I(T-20K) and the difference 

spectrum between the interface and bulk regions at T = 20 K denoted by I(interf-bulk) for H-pol x-

rays were also shown in Fig. 3(c).  The large intensity difference in the peak C between the VB 

spectra for the near-interface and bulk regions at T = 20 K was found.  In the V-pol x-ray spectra, T-

dependence on the spectral shapes also exists but is very weak.  The intensity of the peak C measured 

with H-pol x-rays for the non-TR and TR conditions in Figs. 3(a) and 3(c) is plotted as a function of 

T (IC(T)bulk and IC(T)interf, respectively) in Fig. 3(e), where IC(T) is normalized by IC(20 K)bulk.  For 

comparison, the corresponding main peak in the spin-integrated total DOS of L21-ordered CMS 

obtained from the LSDA-DLM calculations in Ref. [9] is overlaid in Fig. 3(e).  The DOS peak, 

which is normalized at T = 0 K, monotonously decreases as T increases.  The tendency in the DOS 

peak is similar to the IC(T)bulk, suggesting that the impact of spin fluctuations at a finite T is observed 

in the T-dependent VB HAXPES spectra even in the low T region below 0.4TC.  The lower IC(T)interf 

compared to IC(T)bulk seems to be similar to the relation between m(T)bulk and m(T)interf.  It seems that 

the discontinuous change of IC(T) between 100 and 200 K relates to the precession angle of the local 

magnetic moments, and the critical precession angle for discontinuous change might be around 5°, 

which is given by acos(m(150 K)bulk), but the origin of the discontinuous change is unclear from the 

limited T-dependent VB experiments.  The T-dependent electronic and magnetic states of CMS in 

the bulk and near-interface regions will be discussed later.       
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C. Simulation of polarization-dependent VB HAXPES spectra of L21-ordered CMS 

   To clarify the atomic orbital contribution in the VB spectra of the AlOx/CMS(001) film for H- and 

V-pol x-rays, we have carried out the simulation of VB HAXPES spectra with x-ray polarization 

dependence.  The spin- and orbital-resolved PDOSs for L21-ordered CMS obtained from the LSDA-

DLM calculations [9] are shown in Fig. S2 [27].  Note that the DLM calculations were done not for 

the interface but for bulk CMS.  For comparison, Fig. 4 shows the MEW-PDOSs of the Co and Mn 

3d and 4s states, which are obtained by the PDOSs multiplied by the cross-sections including the ME 

and PED effects listed in Table I for H-, V-pol x-rays.  It is obvious that the photoemission intensity, 

which is proportional to MEW-PDOS, is dominated by the 3d(3z2-r2) and 4s states for Co and Mn in 

the HAXPES spectra for H-pol x-rays in the energy range between 0 and 4 eV, regardless of T.  In 

contrast, the intensity is mainly due to the 3d(yz) states with small contribution of the 3d(3z2-r2) states 

of Co and Mn in the spectra for V-pol x-rays.  Thus, we see that the VB spectra with polarization 

dependence is sensitive to the atomic orbital character.  Note that the MEW-PDOSs of the Co and 

Mn 4p states are ignored for simplicity, since the Co and Mn 4p PDOSs are much weaker than the 3d 

PDOSs and the cross-sections for the 4p orbitals in the 3d transition metals is expected to be quite 

small [25].   

   Figure 5 compares the experimental and simulated VB HAXPES spectra for H-, V-, and C-pol X-

rays.  The experimental spectra for T = 20 and 300 K in the bulk region of the CMS film were plotted, 

while the simulated spectra of L21-ordered CMS for T = 0 and 300 K were shown in the figure, where 

the Fermi-Dirac function for 20 K was used in the simulated spectra at T = 0 K for comparison with 

the experimental results.  In the simulation, the cross-sections listed in Table I for the Co and Mn 4s 

orbitals were multiplied by 1.3 and that for the Si 3s orbital was multiplied by 0.8 in order to reproduce 

the experimental spectra in the entire VB region for H-, V-, and C-pol x-rays as shown in Fig. S3 [27].  



 15 

Note that the simulations for V-pol x-rays, PL = 0.90 (95% of V-pol x-rays with 5% of H-pol x-rays) 

are taken into account.  The simulated spectra for H-pol x-rays in Fig. 5(a) also show the 

characteristic structures of the labeled A-F in the experimental spectra.  The dashed lines in Fig. 

5(a) indicate the correspondence of the structures A-F between the experimental and simulated 

spectra.  The intensity reduction in the peak C in the experiment with increasing T is reproduced in 

the simulated spectra.  From the MEW-PDOSs for T = 0 K in the Figs. 4(a) and 4(c), one sees that 

the shoulder A and peak B are mainly derived from the Co 3d(3z2-r2) and 4s majority spin states and 

that the peak C is mainly derived from the Co and Mn 3d(3z2-r2) majority spin states.  The shoulder 

D is considered to arise from the Co 3d(3z2-r2) majority and minority spin states and the Co 4s 

minority spin states.  The hump E (F) is mainly due to the Mn 4s minority spin states (the Mn 4s 

majority and minority spin states).  The above-mentioned assignments for the structures A-F in the 

spectra at T = 20 K are the same as those at T = 300 K, and the reduction of the peak C due to the Co 

3d(3z2-r2) majority spin states with increasing T can be seen from the comparison between Figs. 4(a) 

and 4(e).   

 

D. Band dispersion of AlOx/CMS(001) film obtained by SX-ARPES  

   Figure 6 shows the results of the band dispersion along the G-X direction for the AlOx(1 

nm)/CMS(001) film by using SX-ARPES measurements taken at T = 30 K with hn = 455 and 552 

eV.  The calculated le for the kinetic energy around 500 eV is ~1 nm, which is half of leff ~2.0 nm 

in TR-HAXPES.  The band dispersion behaviors in Figs. 6(a) and 6(b) are very similar to the 

previous SX-ARPES results of the same sample taken at T = 250 K [20], but the dispersion features 

become clearer, which might be due to less thermal broadening effects.  The minority spin band (a 

convex band dispersion with the apex at EB of 0.26 eV at G point) is clearly seen in Fig. 6(a).  The 

energy of apex position (valence band maximum (VBM) of the minority spin states) at 0.26 eV is 
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slightly larger than 0.24 eV reported in SX-ARPES taken at T = 250 K [20] and is smaller than 0.35 

eV as the minority spin VBM reported in spin-resolved HAXPES taken at T = 21 K [14].  This result 

suggests that the lattice relaxation and thermal expansion of CMS near the interface differ from those 

of CMS in the bulk region, since the minority spin VBM position is sensitive to the lattice parameter 

of CMS [54].  Although the intensity at around EF near X point for hn = 455 eV in Fig. 6(a) is weak, 

“X”-shaped band dispersion across EF for hn = 552 eV with higher intensity due to the majority spin 

band is observed in Fig. 6(b).  In contrast, a high intensity at the apex at G point of the convex band 

for hn = 455 eV in Fig. 6(a) becomes weaker for hn = 552 eV in Fig. 6(b).  These results are 

consistent with the previous SX-ARPES results taken at T = 250 K.  Since the observed features of 

band dispersions of the CMS film are very similar to those of bulk Co2MnGe single crystal in SX-

ARPES with the hn dependence [55] as a predicted half-metal [54], we can safely conclude that the 

CMS film in the near-interface region at T = 30 K sustains three-dimensional bulk band structure and 

band dispersion for the possible half-metal as well as T = 250 K.   

   Figures 6(c) and 6(d) show the momentum (k) integrated SX-PES spectra along the G-X (k//[110]) 

direction for hn = 455 and 552 eV at T = 30 K obtained from Figs. 6(a) and 6(b), respectively.   The 

k-integrated SX-PES spectra at T = 250 K obtained from Ref. [20] are also shown in the figure for 

comparison.  The spectra for hn = 455 and 552 eV clearly show the T dependence in the EB range 

between 0 and 1.5 eV.  According to the photoionization cross-sections in the soft x-ray region [51], 

the cross-section ratio of 4s/3d orbitals for both Co and Mn is less than 0.1 and the cross-sections of 

the Co 3d orbital is twice of the Mn 3d one.  In addition, the cross-sections of the Si 3s and 3p 

orbitals are sufficiently smaller than that of the Co 3d orbital.  Therefore, the SX-PES spectra mainly 

reflect the Co 3d states, in particular for the Co 3d(3z2-r2) and 3d(yz) by considering the ME effect.  

The weaker intensity in the higher EB side of the peak C in the SX-PES than HAXPES indicates the 

less contribution of the Co and Mn 4s PDOSs in the SX-PES spectra.   
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V. Discussion  

   Firstly, we discuss the M behaviors as a function of T in the bulk and near-interface regions of the 

AlOx(3 nm)/CMS(30 nm)/MgO(001) structure.  Owing to the high Mr/Ms ratio of ~0.97, the 

magnitudes of Co and Mn MCD in the bulk region are almost constant in the T range between 20 and 

300 K and agree with the m(T)bulk for the bulk CMS single crystal as shown in Fig. 2.  In contrast, 

the magnitude of MCD in the near-interface region faster decreases as T increases in both Co and Mn.  

This result is natural, since the exchange interaction (or exchange stiffness) between the magnetic 

moments near the interface is expected to be weaker than that in the bulk region.  However, the 

value of a, which determines the demagnetization, in the near-interface region is ~5 times larger than 

that in the bulk region.  According to the theory on surface magnetism [56,57], a for a freestanding 

magnetic film surface (and might be for an interface without interactions with a magnetic film 

surface) is twice of bulk region due to the smaller exchange interaction at surface (Jsurf) [or at interface 

(Jinterf)] compared to that in the bulk region (Jbulk).  Note that the local Co magnetic moment does 

not depend on T and leff, which is judged from the unchanged Co 2p MCD profiles at different T and 

leff (see Fig. S4 in Ref. [27]).  The local Mn magnetic moment is also unchanged as well [27].  Thus, 

we suspect that additional demagnetization factors exist in the AlOx(3 nm)/CMS(30 nm)/MgO(001) 

structure in addition to the fact that m(0 K)interf is 0.825 times of m(0 K)bulk.   

In our MCD-HAXPES experiments, the MCD signals reflect the Mr states in the near-interface 

and bulk regions of the CMS film.  Although the high Mr/Ms of ~0.97 in the average of the entire 

CMS film, a smaller Mr/Ms in the near-interface region cannot be refused in the condition of Jinterf < 

Jbulk.  In this case, the reversed (180º) magnetic domains and 90º magnetic domains are formed in 

the near-interface region, and m(T)interf becomes smaller than m(T)bulk.  The domain formation seems 

to explain the small M near the interface, since the MCD signal is proportional to the Mr along the 
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[100] direction.  Another possibility of m(T)interf < m(T)bulk is the spin reorientation or non-collinear 

M in the near-interface region of the CMS film.  The out-of-plane non-collinear M (cant of M) 

toward perpendicular to the film surface is not expected from the fact that no enhancement of the 

local Co (Mn) magnetic moment near the interface compared to the bulk region is observed, since 

such out-of-plane non-collinear M is accompanied by the enhancement of local magnetic moments 

[58].  Therefore, the out-of-plane non-collinear M near the interface is also not expected as well as 

the spin reorientation toward the [001] direction of CMS.  Thus, we can conclude that the local 

magnetic moments near the interface mainly lie in the (001) plane of the CMS film.  For the in-plane 

spin reorientation, M parallel to the [110] or [11#0] directions in the 3-unit-cell region (3a ~1.7 nm) 

beneath the interface gives 0.825 in m(0 K)interf deduced from the normalized MCD signals.  Here, 

we assume that the exponential decay of photoemission intensity is given by exp(-d/leff), where d 

represents the depth from the interface.  Then, the normalized MCD for d < 3a is set to 1.00 (M 

parallel to the [100] direction) and for 0 < d < 3a is set to cos 45º (45 º magnetic domain).  For the 

in-plane non-collinear M near the interface, the net M direction near the interface orients to the [100] 

direction with the disorder of the local magnetic moment directions, which also reduces the magnitude 

of MCD near the interface.  A detailed description of non-collinear M has been reported in Ref. [59].   

   Let us consider the relationship between the electronic and magnetic states of the AlOx(3 

nm)/CMS(30 nm)/MgO(001) structure in the near-interface and bulk regions.  As can be seen in 

Figs. 3(a) and 3(c), the VB spectra for H-pol x-rays show the T dependence, and the changes in the 

spectral shapes are large in the peak C.  The spectral shapes on the lower EB side of the peak C and 

the peak B also change with T as can be seen in the intensity difference spectra in Figs. 3(a) and 3(c).  

As shown in Fig. 3(e), the similar T dependence between the peak C intensity for the bulk region and 

the main peak in the spin-integrated normalized DOS indicates that the T-dependent VB spectral 

shapes for the bulk region is due to the impact of spin fluctuations (or spin-wave excitations) on the 
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electronic states in CMS even though the demagnetization at T = 300 K is quite small in the bulk 

region as shown in Fig. 2.  In the difference spectra in Figs. 3(a) and 3(c), one sees that a slight 

increase of intensity around EF with increasing T in both the bulk and near-interface regions.  This 

tendency is also seen in the minority spin states near EF in the T-dependent LSDA-DLM calculations 

(Fig. 3 in Ref. [9]).  Thus, the spin fluctuations play an important role in the electronic states of CMS 

even at T below 0.4TC.  Note that the LSDA-DLM calculations were done not for the interface but 

for bulk CMS.  For the near-interface region, m(0 K)interf is 0.825 times of m(0 K)bulk.  If the 180 º 

domains are formed in the near-interface region, m(0 K)interf reduces according to the reduction of the 

net M.  In this case, the VB spectral shape or peak C intensity is not modified by the presence of 

180º domains because of no difference between the spin-integrated electronic states for the 0º and 

180º domains.  Similarly, it is reasonable that there is no difference between the electronic states for 

the 0º, 90º, and 45º domains.  Non-collinear M near the interface can be a possible mechanism in the 

reduced m(T)interf compared to m(T)bulk and the difference in the VB spectral shapes between near-

interface and bulk regions, since the non-collinear spin arrangement can modify the electronic states 

of CMS [19] caused by changes in the hybridizations between the Co-Co, Co-Mn, and Mn-Mn 3d 

electrons even at T = 0 K.  The changes in the hybridizations also occur in the lattice relaxation of 

CMS near the interface as well as Jinterf.  The exchange energy (Eex) between the nearest neighbor 

spins of Si and Sj is given by -2JSi•Sj, so that Eex is lower in the non-collinear M than the collinear 

M.  The lowering of Eex due to the non-collinear M state and Jinterf < Jbulk causes the softening of the 

spin-wave excitations, leading to the enhancement of the spin-wave excitations and the increase of a 

near the interface.  While the antisite disorder is unlikely to dominate in the present samples, other 

subtle structural imperfections (e.g., strain gradients and/or short-range disorder) cannot be entirely 

excluded and may contribute second-order effects.   

   Finally, we discuss the VB HAXPES spectra of CMS in the bulk region in comparison with the 
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simulated ones.  As can be seen in Fig. 5, the energy positions of the peak B, peak C, shoulder D, 

and hump E are different between the experimental and simulated VB spectra.  This kind of 

deviations has also been reported in the hard X-ray ARPES (HARPES) results for the Heusler alloys 

of Co2MnGa, CMS, and Co2FeSi [60] and in HAXPES results for CMS [12] and CFGG [61], which 

arise from the approximation methods in the theoretical band calculations and/or stoichiometry of the 

alloys in the experiments.  Therefore, we do not consider the energy deviations between the 

experimental and simulated spectra for CMS.  Except for the energy deviations, the intensity of the 

peak B is underestimated in the simulations in each polarization.  By considering the VB spectral 

shapes obtained by SX-PES shown in Figs. 6(c) and 6(d) and photoionization cross-sections [51], the 

large peak B in the SX-PES spectra is dominated by the Co 3d(3z2-r2) states.  The relatively large 

intensity of the peak B in HAXPES spectra in Fig. 5 indicates the underestimation of the Co 3d(3z2-

r2) PDOS in the LSDA-DLM calculations.  The narrow bandwidth of the peak C in the SX-PES 

spectra is consistent with the narrow Co 3d(3z2-r2) and Mn 3d(3z2-r2) PDOSs at around the energy 

position of the peak C in the calculations, while the peak C is broad in the HAXPES spectra.  These 

results suggest that the Co 4s and Mn 4s PDOSs are underestimated in the calculations.  The larger 

Co 4s PDOS can enhance the intensity of the peak B and shoulder A in the simulated spectra for H- 

and C-pol x-rays.  For V-pol x-rays, the intensity of shoulder A is weak in both the experimental and 

simulated spectra due to the lower cross-section of s orbitals compared to H-pol x-rays.  Here, we 

could not evaluate the PED effects on the cluster size of CMS, which are included in the calculations 

of the cross-sections with the ME effect.  The cluster size used in the PED calculations is smaller 

than le of photoelectrons in order to reduce the computing resources, so that the underestimation or 

overestimation in the cross-sections listed in Table I cannot be denied.  On the other hand, the 

simulated spectra clearly show the reduction of the peak C and the increase of the intensity around 

peak B on both lower and higher EB sides.  Therefore, we conclude that the T-dependent spectral 
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changes in the experiments clearly probe the effects of spin fluctuations for bulk CMS.  The shift of 

the peak C toward lower EB side in the simulated spectra might be correlated with the narrowing of 

the minority spin gap with increasing T, which can be seen in Figs. 4(b) and 4(f) and Ref. [9].  The 

narrowing of the minority spin gap causes the creation of the states around EF below the minority 

spin conduction band minimum [9].  In fact, the slight increase of the intensity near EF in the VB 

spectra shown in Figs. 3(a) and 3(c) with increasing T is visible as mentioned above.  This increase 

is due to the s-orbital minority spin states around EF introduced by the spin-fluctuations according to 

Ref. [19], and can be detected by HAXPES owing to the higher s-orbital sensitivity than d-orbital 

[25], but it is unclear in the simulated VB spectra in Fig. 5(a) probably due to the underestimation of 

s-like PDOSs in the LSDA-DLM calculations.  In our previous work [14], we have reported the 

almost T-independent SP at EF for CMS by spin-resolved HAXPES, but DE of 0.65 eV in spin-

resolved HAXPES is insufficient to probe such states created with increasing T.  The development 

of high-resolution spin-resolved HAXPES is required to clarify the T-dependent spin-resolved 

electronic states of CMS.  The combination of high-resolution spin-resolved HAXPES with TR can 

clarify the T-dependent spin-resolved states near the interface, which helps us to reveal the 

relationship between m(T)interf and SP near the interface.  

 

VI. Summary 

The T- and leff-dependent VB spectral measurements of the AlOx-capped CMS(001) thin films 

were performed to reveal the electronic states of CMS in the near-interface and bulk regions by high-

resolution HAXPES with various x-ray polarization.  The T- and leff-dependent magnetic states of 

the AlOx/CMS film were probed by the Co and Mn 2p core-level MCD-HAXPES measurements.  

The near-interface and bulk electronic and magnetic states were obtained by TR- and non-TR-

HAXPES, respectively.  The x-ray polarization-dependent VB HAXPES clarified the atomic orbital 
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contributions in the VB spectra by utilizing the ME effect.  The changes in the VB spectral shapes 

of CMS with increasing T were clearly found in both the near-interface and bulk regions, but the VB 

spectral shapes for bulk region differed from those for the near-interface region.  The normalized M 

along the [100] direction of CMS in the bulk region obtained form MCD-HAXPES agreed with 

m(T)bulk for the bulk CMS single crystal, while that of CMS in the near-interface region was smaller 

than m(T)bulk even at T = 20 K and the demagnetization in the near-interface region was faster than 

the bulk region with increasing T.  The difference in the VB spectra and m(T) between the near-

interface and bulk regions of CMS relates to that the M state in the near-interface region (e.g. non-

collinear spin arrangement) differs from the collinear spin arrangement with the high Mr/Ms ratio in 

the bulk region. 

The T-dependent VB spectra of CMS in the bulk region qualitatively agreed with the LSDA-DLM 

calculations, indicating the importance of the spin fluctuations on the electronic states of bulk CMS 

at a finite T and the enhanced spin fluctuations (or spin-wave excitations) in the near-interface region 

of CMS.  Thus, we can conclude that the impact of spin fluctuations on the electronic states of CMS 

at a finite T is detected by HAXPES through the T-dependent VB measurements.  These results can 

be obtained from x-ray polarization- and T-dependent HAXPES combined with TR.  Above-

mentioned results cannot be obtained from low-resolution spin-resolved HAXPES of CMS [14] and 

high-resolution HAXPES of CMS performed at only RT [20].  We thus conclude that the direct 

probing of the T-dependent electronic and magnetic states of the insulator/ferromagnet 

heterojunctions in a non-destructive way is important to reveal the properties of insulator/ferromagnet 

heterojunctions for the near-interface and bulk regions at a finite T.  On the other hand, it is difficult 

to reveal the relationship between M(T) and SP at EF from the spin-integrated VB HAXPES 

measurements.  This relationship is particularly important in the near-interface region in the 

heterojunctions.  To clarify the T-dependent spin-resolved electronic states in the near-interface and 
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bulk regions for the heterojunctions, the development of high-resolution spin-resolved VB HAXPES 

is required.  
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Figure captions 

 

FIG. 1. (Color online) Co 2p core-level HAXPES and MCD spectra for AlOx/CMS at T = 20 K in the 

non-TR condition (leff ~6.1 nm) (a) and the TR condition (leff ~2.0 nm) (b).  Mn 2p core-level 

HAXPES and MCD spectra at T = 20 K in the non-TR condition (leff ~6.3 nm) (c) and the TR 

condition (leff ~2.0 nm) (d).  (e) and (f) Enlarged MCD spectra of the Co and Mn 2p core-levels in 

the non-TR condition, respectively.  The red (blue) arrows indicate the location of the hump (tail) 

structures in the Co (Mn) 2p HAXPES spectra.  The data acquisition time for the Co (Mn) core-

level measurement in both the TR and non-TR conditions is ~15 (~20) min, and DE is set to ~150 

meV. 

 

FIG. 2. (Color online) Comparison between the T-dependent normalized magnetization, m(T), and 

the normalized Co and Mn MCD signals for the bulk (leff ~6.9 nm) and near-interface (leff ~2.0 nm) 

regions for the AlOx/CMS(001) film.  The m(T) with a = 2.81´ 10-6 shown by black curve is 

obtained from the bulk CMS single crystal in Ref. [11].  The m(T) with a = 1.46 ´ 10-5 shown by 

green curve was obtained from the fitting of the Co and Mn MCD signals at T = 20 and 300 K for the 

near-interface region.  The error of a is ±1.5´ 10-5. 

 

FIG. 3. (Color online) (a) T-dependent VB spectra for the bulk region measured with H-pol x-rays in 

the non-TR condition (leff ~6.9 nm).  The intensity difference spectra, I(T-20K) with T = 300, 200, 

and 100 K, are also plotted in the figure. (b) Same as (a), but measured with V-pol x-rays. (c) T-

dependent VB spectra for the near-interface region measured with H-pol x-rays in the TR condition 

(leff ~2.0 nm).  The difference spectra of I(T-20K) and I(interf-bulk) at T = 20 K are also plotted in 

the figure.  (d) Same as (c), but measured with V-pol x-rays.  The data acquisition time for the VB 

measurement with H-pol (V-pol) x-rays in both the TR and non-TR conditions is ~20 (~30) min, and 

DE is set to ~150 meV.  (e) The normalized peak C intensities at EB ~1.26 eV for T = 20, 100, 200, 

and 300 K in the bulk (leff ~6.9 nm) and near-interface (leff ~2.0 nm) regions measured with H-pol 

x-rays in (a) and (c).  The statistical errors are indicated by the vertical bars.  The corresponding 

main peak in the spin-integrated total DOSs of L21-ordered CMS obtained from the LSDA-DLM 

calculations for T = 0, 100, 200, 300, and 400 K [9] is plotted for comparison.  The peak DOS is 

normalized at T = 0 K, and the energy window is set to 90 meV. 
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FIG. 4. (Color online) Co 3d and 4s MEW-PDOSs of L21-ordered CMS at T = 0 K (a) and 300 K (e) 

for H-pol x-rays.  (b) and (f) same as (a) and (e), respectively, but for V-pol x-rays.  Mn 3d and 4s 

MEW-PDOSs of L21-ordered CMS at T = 0 K (c) and 300 K (g) for H-pol x-rays. (d) and (h) same 

as (c) and (g), respectively, but for V-pol x-rays. The minority spin MEW-PDOSs are indicated by 

negative value for visibility. 

 

FIG. 5. (Color online) (a)-(c) Experimental and simulated VB HAXPES spectra of CMS for H-, V-, 
and C-pol x-rays, respectively.  The experimental spectra measured in the non-TR condition (leff 
~6.9 nm) at T = 20 and 300 K were shown for comparison with the simulated spectra at T = 20 and 
300 K.  In (b), the experimental PL is taken into account in the simulation for V-pol x-rays. 
 

FIG. 6. (Color online) SX-ARPES results of the AlOx(1 nm)-capped CMS(001) thin film measured 

at T = 30 K for (a) hn = 455 eV and (b) 552 eV.  The vertical dashed lines indicate the high symmetry 

G or X points.  T-dependent k-integrated SX-PES spectra obtained at T = 30 and 250 K along the 

G-X direction for (c) hn = 455 eV and (d) 552 eV.  The spectra for T = 30 K were obtained from the 

k-integration of (a) and (b), and those for T = 250 K were obtained in the same way by using the SX-

ARPES results in Ref. [20].  The data acquisition time for the ARPES measurement in each hn is 

~30 min, and DE is set to ~80 meV. 
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Table I: Element- and orbital-dependent relative photoionization cross-sections per electron 
including ME and PED effects for L21-ordered CMS for various x-ray polarization.  The values are 
normalized by the Co 3d(3z2-r2) cross-section for H-pol x-rays. 
 

   Relative cross-section per electron 

  Polarization H-pol.  V-pol.  C-pol. 

Element Orbital       

Co 3d(3z2-r2)  1.000  7.550e-2  0.5242 

 3d(x2-y2)  7.438e-3  1.050e-2  9.012e-3 

 3d(xy)  1.145e-2  1.197e-2  1.172e-2 

 3d(yz)  0.1068  0.3212  0.2172 

 3d(zx)  0.1068  1.079e-2  5.738e-2 

 4s  8.523  0.2157  4.070 

        

Mn 3d(3z2-r2)  0.7451  3.245e-2  0.3790 

 3d(x2-y2)  3.556e-3  5.046e-3  4.327e-3 

 3d(xy)  6.287e-3  5.095e-2  5.670e-3 

 3d(yz)  4.573e-2  0.2384  0.1447 

 3d(zx)  4.573e-2  5.949e-3  2.527e-2 

 4s  9.894  0.2261  4.703 

        

Si 3p(x)  1.047e-2  1.729e-3  5.932e-3 

 3p(y)  1.047e-2  7.846e-2  4.574e-2 

 3p(z)  0.3347  9.712e-3  0.1661 

 3s  11.417  0.2112  5.411 

 
 


