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Photoemission study of the itinerant-electron helimagnet FexCo1ÀxSi
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FexCo12xSi is a metal with helical spin structure in the concentration range 0.2,x,0.95 although the end
members are a narrow-gap semiconductor~FeSi! and a diamagnetic semimetal~CoSi!. We have studied the
electronic structure of FexCo12xSi (x50.5, 0.8) using ultraviolet photoemission spectroscopy. With Fe sub-
stitution for Co, the structure due to the transition-metal 3d states is shifted toward lower binding energies,
qualitatively consistent with the prediction of the rigid-band model. Although the superposition of the spectra
of FeSi and CoSi better describes thex dependence of the global spectral features than the rigid-band model,
the x dependence near the Fermi level (EF) is better described by the rigid-band model. The appearance of
magnetic order in FexCo12xSi may thus be explained by the rigid-band model, which predicts that the density
of states atEF is low or zero for CoSi and FeSi but becomes large for intermediatex. We also find a weak
temperature dependence around the Fermi level, qualitatively consistent with the increase in the electrical
resistivity below the Ne´el temperature (TN).

DOI: 10.1103/PhysRevB.68.134447 PACS number~s!: 75.30.Kz, 79.60.Bm, 71.20.Lp
—
its

a
-
n
t-

o-
th
he

io

t

e
nd

n

io
ak

o

u
a

%-
elt-
wn
ray
e

i-
He

er
u
ies of
rmi
of
tain

-
-

-
ea-
has
I. INTRODUCTION

The solid solution of two monosilicides FeSi and CoSi
namely, FexCo12xSi—has attracted interest because of
unique magnetic and electrical properties.1–4 While FeSi is
an unusual narrow-gap semiconductor and CoSi is a diam
netic semimetal,5 FexCo12xSi exhibits a magnetically or
dered phase at low temperatures in the concentration ra
of 0.2<x<0.95.5,6 According to a small-angle neutron sca
tering experiment,7,8 FexCo12xSi with 0.3<x<0.9 shows a
helical spin order with a long periodicity—i.e., nearly ferr
magnetic, as in the case of MnSi. Under a magnetic field,
helical spin structure is transformed to a conical one and t
to the induced ferromagnetic state above a critical fieldHc .
Arrott plots for the same samples show a slight deviat
from straight lines,9 in a similar way to MnSi.10 From ex-
trapolation of the straight part of the magnetization curve
H50, the Curie temperatureTc is obtained as 44.5 and 44 K
for Fe0.8Co0.2Si and Fe0.5Co0.5Si, respectively. In order to
understand those unusual magnetic properties, knowledg
the electronic structure, particularly the effect of alloying a
the composition-dependence is necessary.

In this work, in order to obtain experimental informatio
about the electronic structure of FexCo12xSi, we have made
an ultraviolet photoemission study of FexCo12xSi with x
50.5 and 0.8. As a reference compound, photoemiss
spectra of CoSi have also been measured. Recently, Suset
al.11 have performed a detailed photoemission study
Fe12xCoxSi with low Co concentration (x50.05 and 0.1!,
where the system is in the paramagnetic phase, and fo
that the hybridization gap in FeSi is gradually filled when
small amount (x;0.05) of Co is substituted for Fe.
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II. EXPERIMENT

Polycrystalline samples of FexCo12xSi with x50.5 and
0.8 and a single crystal of CoSi were prepared from 99.99
pure Fe, 99.9%-pure Co, and 99.999%-pure Si by arc m
ing in an argon atmosphere. A CoSi single crystal was gro
by the Czochralski technique and checked by Laue x-
diffraction. In order to check the sample composition, w
have made Fe 2p and Co 2p core-level x-ray photoemission
spectroscopy~XPS!. The composition of Fe0.8Co0.2Si was
found to be Fe0.79Co0.21Si.

Ultraviolet photoemission spectroscopy~UPS! measure-
ments were carried out using a VSW CLASS-150 hem
spherical analyzer or an Omicron EA-125 analyzer and a
discharge lamp~He I: hn521.2 eV, He II:hn540.8 eV).
The angular resolution of the VSW and Omicron analyz
was 64.5° and68°, respectively. The Fermi edge of A
evaporated on the sample was measured after each ser
measurements in order to accurately determine the Fe
level (EF) and the instrumental resolution. The resolution
the He I measurements was 20–35 meV. In order to ob
clean surfaces, the samples were repeatedly scrapedin situ
with a diamond file.

III. RESULTS AND DISCUSSION

Figure 1 shows He I UPS spectra for MnSi,12 FeSi,11

Fe0.8Co0.2Si, Fe0.5Co0.5Si, and CoSi in the entire valence
band region~a! and nearEF ~b!. The inset shows a valence
band He I UPS spectrum~solid curve! of Fe0.8Co0.2Si and its
background ~dashed curve! subtraction. Here, the back
ground is assumed proportional to the integral of the m
sured spectrum. This background subtraction procedure
©2003 The American Physical Society47-1
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been successfully employed to describe the inelastic b
ground when photoelectron energies are as low as in H
UPS.13

In general, photoemission spectra are affected by sur
effects due to the short mean free paths of photoelectr
and it is not trivial to decompose the spectra into surface
bulk components. In the present case, the kinetic energy
pendence of the photoelectron mean free path can be uti
to perform such a decomposition because the photoioniza
cross sections of both the He I and He II spectra are do
nated by the metald partial density of states~DOS! and Si
3sp contributions are negligible,14 meaning that the bulk and
surface spectral line shapes do not change appreciably
photon energy and that the photon-energy dependence o
spectrum is largely due to the different degrees of surf
and bulk contributions between He I and He II. Therefo
we subtracted the He II spectra from the He I spectra
obtain the ‘‘bulk’’ spectra shown in Fig. 2. Prior to the su
traction, the He I spectra had been broadened with the H
resolution. Here, we have assumed that the surface cont
tion comes from the outermost atomic layer for all samp
because the FexCo12xSi alloys have the sameB20 structure
at any concentration.15 Thus the surface contribution to th
spectra becomes 12exp(2d/l), where l is the electron
mean free path andd is the thickness of the outermost atom
layer. We have assumed thatd5a/2, wherea is the cubic
lattice constant of CoSi/FeSi because each cube contains
CoSi/FeSi molecules. Contributions from the first atom
layer for He I and He II in CoSi/FeSi thus calculated~Table
I! show that the He II spectra contain a larger (;37%)
amount of surface contributions while the He I spectra c
tain a smaller (;20%) amount of surface contributions. Th

FIG. 1. Comparison of He I UPS spectra in the entire valen
band region~a! and nearEF ~b! of MnSi ~Ref. 12!, FeSi~Ref. 11!,
Fe0.8Co0.2Si, Fe0.5Co0.5Si, and CoSi. The spectra have been norm
ized to the total area. The inset shows the spectrum~solid curve! for
Fe0.8Co0.2Si and its background~dashed curve! subtraction.
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‘‘bulk’’ spectra were therefore obtained by subtracting the
II spectra~multiplied by 20/37! from the He I spectra. The
‘‘bulk’’ spectra thus obtained show that the structure arou
EF is stronger and sharper than the raw He I and He II d
except for CoSi.

In order to check the consistency of the above decom
sition procedure, we have also made measurements
changing the angle between the sample surface and the
lyzer, thereby changing the escape depth of photoelect
according toF5l cosw. The He I UPS spectra for angles 0
and 45° between the photoelectron momentum and the
face normal are shown in Figs. 2~b! and 2~c! together with a
‘‘bulk’’ spectrum obtained by subtracting the 45° spectru
from the 0° spectrum after an appropriate intensity norm
ization. The result again shows that the structure aroundEF
is enhanced, qualitatively consistent with the ‘‘bulk’’ spe
trum in ~a!, however, the peak aroundEF is somewhat
weaker than in~a!. This quantitative discrepancy between t

-

- FIG. 2. He I and He II UPS spectra for Fe0.8Co0.2Si,
Fe0.5Co0.5Si, and CoSi nearEF ~a!. The He I–He II different spectra
represent ‘‘bulk’’ spectra.~b! and ~c! show He I UPS spectra fo
angles 0° and 45° between the photoelectron momentum and
surface normal for Fe0.8Co0.2Si and Fe0.5Co0.5Si. The 0° –45° dif-
ference spectrum again represents a ‘‘bulk’’ spectrum. Prior to s
traction, the spectra have been normalized as described in the

TABLE I. Contributions from the outermost surface atom
layer to the He I and He II UPS spectra of CoSi/FeSi. Here, a cu
lattice constant 2.3 Å has been used.

Light source Mean free path Surface layer contributio

He I~21.2 eV! ;10Å ;20%
He II~40.8 eV! ;5Å ;37%
7-2
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two ‘‘bulk’’ spectra would be attributed to the simplified a
sumption of the mean-free-path model employed here
the inherent roughness of the sample surfaces prepare
scraping. Thus we can conclude that, although the differe
between the ‘‘bulk’’ spectra and He I UPS spectra is finite
is not large and that conclusions from the following discu
sions will not be altered by the surface effects.

Now, let us examine the alloying effect on the electron
structure of FexCo12xSi based on the photoemission spect
The structure at;20.8 eV in CoSi is shifted toward lowe
binding energy with increasing Fe concentration. Accord
to band-structure calculations, the Fermi level in MnSi
located within the band below the gap,16 it is located within
the gap in FeSi, and it is located in the band above the ga
CoSi ~Ref. 17! as shown in the inset of Fig. 3~a!. This means
that, as the number of 3d electrons increases, the Fermi lev
is shifted upward and moves across the energy gap. Ind
the UPS spectra of CoSi show a dip structure at;
20.5 eV, where the band-structure calculation predicts
band gap.17 Therefore, we have attempted to simulate thx
dependence of the spectra of FexCo12xSi within the simplest
rigid-band model. To do this, we have utilized the facts t
the photoionization cross sections of both the He I and H
spectra are dominated by the metald partial DOS and that S
3sp contributions are negligibly small. Starting from th
spectra of CoSi,EF were shifted downward so that the int
grated area belowEF was proportional to the number of 3d
electronsnd . We have assumed thatnd55, 6, 6.2, 6.5, and 7

FIG. 3. Comparison of the measured ‘‘bulk’’ spectra@Fig. 2~a!#
with the simulation assuming the rigid-band model starting fr
CoSi. Dotted curves show the simulated spectra. The spectra
been normalized as described in the text. The inset to~a! shows the
Fermi level position in the rigid-band model for the monosilicide
The inset to~b! shows a comparison between the spectrum
Fe0.8Co0.2Si and the simulation using the rigid-band model and
spectrum of Fe0.5Co0.5Si.
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for MnSi, FeSi, Fe0.8Co0.2Si, Fe0.5Co0.5Si, and CoSi, respec
tively, the same as thed-electron numbers of the free atom
The result is shown in Fig. 3, where the integrated areas
the measured spectra have also been normalized to the a
nd’s. The figure shows that the simulated spectra are in qu
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FIG. 4. Comparison of the measured ‘‘bulk’’ spectra
Fe0.8Co0.2Si and Fe0.5Co0.5Si with the superpositions of the spect
of FeSi and CoSi.

FIG. 5. He I UPS spectra of Fe0.8Co0.2Si, Fe0.5Co0.5Si, and CoSi
in the entire valence-band region~a! and nearEF ~b! at various
temperatures. The spectra have been normalized to the total
The inset shows the temperature-dependent spectra in the vic
of EF divided by the Fermi-Dirac distribution function.
7-3
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tative agreement with the measured spectra although
measured spectra tend to be broader than the simulated
tra asnd decreases, which suggests that electron correla
becomes stronger in the series CoSi→ FeSi→ MnSi.

As an alternative way to see the effect of alloying
FexCo12xSi, we have simulated the spectra for FexCo12xSi
by superposing the spectra of FeSi and CoSi. In this sim
tion, the spectrum of FexCo12xSi, rx(v), is given by
@xrFeSi(v)sd(Fe)1(12x)rCoSi(v)sd(Co)#/@xsd(Fe)1(1
2x)sd(Co)#, whererFeSi(v) andrCoSi(v) are the measured
spectra of FeSi and CoSi andsd(Fe) andsd(Co) are the
atomic cross sections of Fe 3d and Co 3d, respectively. As
shown in Fig. 4, agreement between the measured sp
and the simulated ones is rather good. Especially, the ag
ment in the wide range spectra@Fig. 4~a!# is much more
satisfactory than for the rigid-band model~Fig. 3!. Near the
Fermi level@Fig. 4~b!#, however, there are some discrepa
cies between the superposition simulation and the exp
ment spectra. As shown in the inset of Fig. 3~b!, the rigid-
band model better describe the spectrum of Fe0.8Co0.2Si
starting from the spectrum of Fe0.5Co0.5Si. If the rigid-band
model is appropriate to describe the electronic structure n
EF , it would also predict that the DOS increases for int
mediate x. This will explain why FexCo12xSi becomes
nearly ferromagnetic for intermediatex in the framework of
the Stoner model.

Finally, Fig. 5 shows the temperature dependence of
He I UPS spectra in the entire valence-band region~a! and
nearEF ~b! for Fe0.8Co0.2Si, Fe0.5Co0.5Si, and CoSi. In the
entire valence band, the measured spectra do not change
temperature on this energy scale. In order to detect su
changes in the DOS nearEF , it is desirable to remove the
effect of the temperature-dependent Fermi-Dirac distribut
function. Therefore, we have divided the photoemiss
spectra by the Fermi-Dirac distribution function~convoluted
with a Gaussian corresponding to the instrumental res
ig
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tion! at each temperature. As shown in the inset of Fig. 5,
spectral DOS thus obtained for Fe0.8Co0.2Si and Fe0.5Co0.5Si
show small changes in the spectral DOS in the vicinity
EF . This would correspond to the increase of the electri
resistivity belowTN .8 The change in the DOS atEF with
temperature for Fe0.8Co0.2Si is the largest which is also con
sistent with the electrical resistivity data.8 In the case of
MnSi and FeSi, Sonet al.12 and Susakiet al.11, respectively,
found that the spectral DOS in the vicinity ofEF slightly
decreases with decreasing temperature. The spectra of C
which does not show magnetic transition, indeed show
temperature dependence aroundEF .

IV. SUMMARY

We have studied the electronic structure of FexCo12xSi
with x50.5 and 0.8 by means of UPS. As we compared
spectra for MnSi,12 FeSi,11 Fe0.8Co0.2Si, Fe0.5Co0.5Si, and
CoSi, the structure due to transition-metal 3d states at;
20.8 eV in CoSi is shifted toward lower binding energi
with Fe substitution. Such a shift of the spectral features
qualitatively consistent with the prediction of the rigid-ban
model. However, in wide-range spectra, superposition of
spectra of FeSi and CoSi better describes thex-dependent
behavior than the rigid-band model. Nevertheless, spectr
the vicinity of EF are again well described by the rigid-ban
model. This is consistent with the increases of the DOS
intermediatex, which explains the nearly ferromagnetic b
havior of FexCo12xSi. In Fe0.8Co0.2Si and Fe0.5Co0.5Si, the
spectral weight nearEF somewhat decreases with decreas
temperature, which is consistent with the temperature dep
dence of the resistivity caused by magnetic ordering.
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