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Structure and magnetism of Fe thin films grown on RH001) studied by photoelectron spectroscopy
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Structural and magnetic properties of Fe thin films grown epitaxially o0& are studied by spin- and
angle-resolved valence-band photoemission, pg,2hotoelectron diffraction, and x-ray magnetic circular
dichroism experiments. The valence-band structure shows characteristic features of a fcc high-spin state at 4
monolayergML ) and those of ferromagnetic bulk bcc Fe at 8 ML. The structure of the Fe film reve@8ict
compressed along the direction perpendicular to the surface in the low-coverage region and gradually changes
to distorted bc(l10) as the film thickness increases. The magnetic moments increase as a function of the film
thickness and reach the same value as in bulk bcc Fe above 6 ML. The Fe films show in-plane ferromagnetism
above 2 ML, and the thickness dependence of the magnetic properties is discussed in connection with the
characteristic growth mode.
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l. INTRODUCTION dependence of the Fel3pin (Mgy;) and orbital (g, mag-
netic moments by magnetic circular dichroi$MCD) in an
Magnetism of solid surfaces and thin films has been &-ray absorption spectroscopy experiment. They showed that
rapidly growing research field in recent decades. One of thge films grown on C(001) and Ca@001) substrates reveal
main reasons is that their lower symmetry and smaller coorthree different magnetic behaviors depending on the thick-
dination number are expected to show different aspects aiess. Up to 4 ML, the Fe film is ferromagnetic as a whole.
magnetic properties of materials from those of the bulk. ThirBetween 5 and 10 ML Fe, the averagg,,, is diminished,
films of magnetic materials have been investigated in parwhich suggests that only the surface region of the film is
ticular to clarify the transition from two- to three- ferromagnetically ordered. Over 11 ML, the Fe films are ho-
dimensional magnetic behavior, where the evolution of elecmogeneously ferromagnetic. Schmétzal. suggested the im-
tronic states causing ferromagnetism with increasing filmportance of the structural and electronic properties at the in-
thickness is of particular interest. As characteristic exampleerface. However, the relationship between the structure and
of 3d transition metal ferromagnets, extensive studies on thenagnetic properties of Fe films is not yet fully understood.
structures and magnetic properties of Fe films have been In this article, we discuss the structural and magnetic
made theoretically® and experimentalfy#?to contribute to  properties of Fe films epitaxially grown on a ®01) (a,
the microscopic description of ferromagnetism. =3.80A) surface. The atomic distance of (BB1) has an
Bulk Fe is known to be a bcc structure at room temperaintermediate value between @01) and Au001), and the
ture (RT) and ferromagnetic below 920 K. On the other hand,structure and magnetism of Fe films on (B®1) are still
Fe films grown on nonmagnetic substrates show a variety afontroversial. Fe films grown at 350 K were reported to be
structures and magnetism depending on the size of thi a fct structure at the initial growth stag®while a quan-
lattice-constant &) difference between the substrate andtitative low-energy electron diffraction study of films grown
bulk bcc Fe fo=2.87 A). On A00Y) (ag=4.07A)2and at RT showed a bcc structure below 5 MLThe magnetic
Ag(001) (ap=4.08A) > Fe films grow in a bce structure properties of Fe films on RR01) were investigated by spin-
and are ferromagnetic due to a small lattice mismatch wittpolarized neutron reflection, and it was shown that the Fe
the F€001) surface (/2a,=4.05A). On C001) (a, film does not show in-plane ferromagnetiéfin the follow-
=3.58 A) 1 %and C4001) (ap=3.54 A) " *Fe films start  ing, we present angle-resolved photoemisgiARPES and
to grow layer by layer in a face-centered tetragoffat) spin- and angle-resolved photoemissi@ARPES spectra
structure with a lattice distance elongated along the directioto study the valence-band structure of Fe films and its thick-
perpendicular to the surface, and show ferromagnetism beiess dependence. We also present pg,X-ray photoelec-
low 5 monolayergML). In the 6—-10 ML region, they show tron diffraction (XPD) and MCD spectra measured at the Fe
fce structure, which is achieved at high temperature in bulkkp and Rh 3 absorption edges to investigate the structure
Fe, and only the topmost few layers are found to beand magnetism of Fe films.
ferromagneticl.3 As the thickness increases over 11 ML, the
Fe film changes its structure as a whole to a bcc structure Il EXPERIMENT
with the (110 plane parallel to the substrate surface. This is
explained by the stability of the crystal structure under a ARPES and Fe B3, XPD experiments were carried out
strong strain field. The origin of this complicated structuralat beamline 18A of the Photon Factory using a standard
and magnetic behavior has been investigated theoretically b&RPES system with a sample preparation apparatus in which
a first-principles calculation of the total energy and magnetia reflection high-energy electron diffractigRHEED) sys-
moments: Recently, Schmitzt al!® obtained the thickness tem was installed for the present study. ARPES spectra
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FeRNO0]) RHEED pattern the intra-atomic spacing of the deposited Fe film was the
<001> direction same as that of the Rb01) substrate. We estimated that the
: in-plane lattice constant of the Fe film is 3:80.15A.
To investigate the thickness dependence of the electronic
f % structure of Fe films, we measured ARPES spectra with pho-
. . 3 ton energies from 12 to 76 eV. The angle of incident light
was 45° off normal and photoelectrons emitted normal to the
surface were collected. Figuréa? shows the valence-band
6 spectra 6a 4 ML film grown at 350 K. We derived the
. experimental energy band structure by assuming a free-
L electron final state for the photoelectrons and an inner poten-
:f tial of 10 eV. The results are shown in a color scale in Fig.
0 L ' L ' L 2(b) together with a theoretical band calculation along the
0 20 40 60 80 100 2 S :
Deiosti : : I'-X direction of the Brillouin zongBZ) for fcc Fe in the
position Time (min.) . ) 495 - -
high-spin staté*?> The experimentally obtained valence
FIG. 1. Intensity of specular beam spot of RHEED pattgna ~ bands satisfactorily reproduce tidg, and As; bands with
sep as a function of the deposition time. energy dispersion between 0 and 2 eV. The peaks near the
) o . Fermi level observed in the ARPES spectra correspond to the
were measured in the normal-emission mode using synchroy,  andAg, bands. The bands with large energy dispersion
tro_n ra_ldlatlon with varying |nc_|dent photon energy. The po-petween 5 and 8 eV are assigned as and A, bands,
Iarlzatlor_l vector o_f incoming I|ght was chosen to be para"e'respectively. In Fig. @), comparatively weak spectral fea-
to two different mirror planes, i.e., RB10 and R110), to tures appear at the binding energies of 3.5 and 5 eV in the

facilitate the analysis of the symmetry of the electronic stateg : e - -
. pectra with excitation energies above 44 eV. They possibly
obtained from the ARPES spectra. The Fes2 XPD pat- originate from bands with a large density of states atXhe

tems were observed using a Mga (1253.6 eV x-ray %oint in the neighboring BZ and are observed due to rather

source and rotating the analyzer around the sample in th S .
mirror planes with an angular step of 1°. The angle resolyPOOr momentum resolution in the ARPES spectra excited

tion was 0.5°. The SARPES spectra were measured using\%ithdhigh photoP en%rgti)e@.r;l'his T\ss_ignlmer:jt of thde valenc;eh
He discharge lamp and a SARPES spectrometer consisting %@n s was coniirmed by the polarization dependence of the

RHEED oscillation

“— B
«— W

Intensity (Arb. Units)

a hemispherical electron energy analyzer and a compa RPE_S spec;[ra obse:ved with two different angles O.f Inc-
retarding-type Mott detectdf. The MCD experiments were _ent light, 30° and 75° off normal. We fou_nd that the disper-
carried out at beamline 11A using right- and left-circularly S9N Of theAs bands was more evident in the spectra ob-
polarized synchrotron radiation from a dipole magnet. Theserved at 3_0 off normal than at .75 y This is consistent with
x-ray absorption spectra were measured by the photocurreffl¢ theoretically expected polarization dependence of the
at the Fe » and Rh 3 absorption edges. The sample was”*RPES spectra in normal-emlssmn madethe agreement
magnetized along th@ 10 axes parallel to the surface and at betvveer_l th? e>§per|mental resullts :_;md the theoretical band
30° with respect to the direction of the incident photons. calculation implies that the Fe film in the low-coverage re-

L i bles high-spin fcc Fe.

The RKO001) surface was cleaneéh situ by repeated 910N resem :
cycles of Ar ion bombardment for several hours followed by . Figure 33 shows the ARPES spectra of the Fe film at
annealing at 1350 K for 5 min. The clean ®A1) surface high coveragd8 ML). The experimental configuration was

was confirmed by observing Csland O I XPS spectral the same as th_at of the 4 ML film. The observed _spegtral
intensities to be below the detection limit. Clearx1 profiles anq their photon energy dependence are quite differ-
RHEED patterns confirmed the flatness of the(@) sur- ent from_ Fig. Zg). The peaks_ observed near the Fermi !evel

face. Fe films were prepared by deposition using an evapd'ﬁ'lnd assigned 10 bis; bands in the specira of the 4 ML film

ration source after an extensive degassing of the source. TI‘F@ nkot apgesarzin th(()jsg o{/thg ﬁ ML flillm. Instezc_j, we 9bse1r_\;]e
pressure during the evaporation was kept below eaks at 0.5, 2, and 3 eV with small energy dispersion. The

X 10~ °mbar and a typical deposition rate was 0.2 ML/min. experimentally obtained band structure shown in Figp) 3
The temperature of the RBO1) substrate was kept at 350 K shows considerable deviation from the calculated one for fcc
and RT for the sake of comparison with previous wit&: Fe. In the figure, we present the calculated band structure

The base pressure of the measuring system was below ellong thel'-N directiorj of the BZ for bcc F&**The agree-
%10~ mbar ment between experimentally obtained band structure and

calculation is rather good. The bands near the Fermi level

Il RESULTS AND DISCUSSION observed with excitation energies below 40 QV correspond to

21y, andX,; bands. The observed bands with small energy

Figure 1 shows the intensity of the specular beam spot oflispersion at binding energies around 2 and 3 eV correspond
the RHEED patterns as a function of the deposition timeo %, band. The weak spectral features appeared at the

which evidenced an epitaxial and layer-by-layer growth ofbinding energy of 5.5 eV in the spectra with excitation ener-
the Fe films. We observed no change ik 1 RHEED pat- gies above 44 eV are observed for the same reason as in the

terns during film growth below 12 ML. This indicates that case of the 4 ML film. They originate from the large density
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FIG. 2. (Color) (a) ARPES spectra of 4 ML Fe film grown at
350 K. (b) Experimentally obtained valence-band struct{second
derivative image of EDCis presented by a color scale. Calculated
valence bands along tH& X direction of fcc BZ are presented by
solid and dotted lines.

FIG. 3. (Color) (a) ARPES spectra of 8 ML Fe film grown at
350 K. (b) Experimentally obtained valence-band struct{second
derivative image of EDCis presented by a color scale. Calculated
valence bands along tHeN direction of bcc BZ are presented by
solid and dotted lines.

of states near th&l point in the neighboring BZ. We also e SARPES spectra with applied magnetic field in{tiE)
measured the polarization dependence of the spectra amffection parallel to the surface. Our results clearly show that
confirmed that the band near the Fermi level originates fronboth 4 and 8 ML films are magnetized along 140 easy
the %, band. magnetization direction and demonstrate exchange-split va-
To study the relationship between electronic structure anfence bands in the BZ perpendicular to the surface.
magnetism of the Fe films, we also measured SARPES spec- From the results of ARPES and SARPES, we conclude
tra of 4 and 8 ML films in the normal-emission mode. Thethat the electronic structure and magnetic properties of Fe
observed majority- and minority-spin spectra at the two filmfilms epitaxially grown on R{001) change depending on the
thicknesses show quite different spectral profiles in Fig. 4film thickness; this may originate from the thickness depen-
Since we used unpolarized light, the SARPES spectra oflence of the geometric structure of the Fe films. Since the
both film thicknesses consist of more features than observetix 1 RHEED patterns do not show any thickness depen-
in Figs. 4a) and 3a). For the 4 ML film the majority-spin  dence below 12 ML, the interlayer spacing of the Fe film
spectrum clearly shows peak features correspondingy;to  would cause the change of the structure of the films from
and As; bands in the middle point of the BZ, while in the fcc(001) at low coverage to b¢t10 at high coverage. To
minority-spin spectrum the peak corresponding to e investigate the growth mode of Fe films, we measured the
band is also obvious. The SARPES spectra of the 8 ML filmangular distribution of Fe {25, core-level photoelectron in-
show three spectral features in the majority-spin spectrumensity, i.e., XPD patterns, for various film thicknesses. The
which originate from the ;; andX,, bands. The prominent photoelectrons with kinetic energies above a few hundred eV
peak observed close to the Fermi level in the minority-spinexhibit a pronounced enhancement in their intensities along
spectrum corresponds to thg | band. It is evident that the 4 the axes toward neighboring atoms due to the constructive
and 8 ML films reveal the spin-dependent electronic strucinterference between the directly emitted and scattered out-
tures of the fcc and bcc phases, respectively. In polarizedoing waves. The angular distribution of photoelectrons pro-
neutron scattering experiments, Bland, Pescia, and Willis vides information on the spatial distribution of atoms near
did not observe in-plane ferromagnetism. We have measuretie surfaceé®
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FIG. 4. Spin-resolved photoemission spectraa@f4 and(b) 8
ML Fe films. Upward and downward triangles show majority- and

minority-spin spectra, respectively.

Figure 5a) shows the Fe @3, XPD patterns observed in

FIG. 6. Interlayer spacing for various Fe film thicknesses ob-
tained from XPD measurements. The right ordinate scales the
atomic volume of Fe. Bold lines represent the theoretically obtained
threshold of atomic volumes for ferromagnetic fcc and bcc Fe and
nonmagnetic fcc Fe.

peaks observed around 30°, which appear in the patterns of
the films over 4 ML, correspond to interference along the
direction(103). It should be noted in the figure that the peak

the (010 plane of the RKD01) substrate. In the figure, each around 50° tends to shift its position toward smaller angles

pattern consists of a few peaks. For Fe films with thicknes
over 3 ML, the peaks are observed @t 0° and near 50°,

which correspond to interference of the forward scatteringI
waves along thé001) and(101) directions, respectively. The

(@
Film Thickness (ML)

" A\

Fe 2p,, Intensity (Arb. Units)

65 /NS
pavive

FIG. 5. (a) Fe 2ps, XPD patterns observed in L0 plane
for various Fe film thicknessesb) Schematics of the crystallo-

graphic structure of Fe film.

as the film thickness increases, which corresponds to in-
crease of the interlayer spacing of the Fe film. By obtaining
he second derivative of the XPD intensity, we found that the
amount of shift is 2.5° as the thickness increases up to 6 ML.
We did not observe a peak shift over 6 ML. The thickness
dependence of the peak position was also observed at 30°,
although less evident than the peak shift at 50°. To confirm
the peak shift in XPD patterns, i.e., the increase of the inter-
layer spacing with increase of the Fe film thickness, we also
measured XPD patterns in the @40 plane. We observed
the shift of the peak appearing at 40°, which corresponds to
interference along thél12) direction of the fcc latticéFig.
5(b)], to be 1.7° as the thickness increases up to 6 ML. The
value obtained is consistent with an increase of the interlayer
spacing of Fe films observed in the ®40) plane. Recently,
Hwang, Swan, and Hor§ also suggested that Fe films
might grow in the tetragonally distorted cubic structure on
Rh(001). Previously, Egawaet al?° observed the angular
distribution of FeLMM Auger electrons to investigate the
structure of Fe films grown on a RI01) surface. However,
they did not observe a thickness dependence of the peak
position and reached the conclusion that Fe films reveal a fcc
structure in a wide range of film thickness. This is probably
due to less angular resolutiolh {=5°) than the peak shift
observed in the present work.

We evaluated the interlayer spacing of Fe films to be
1.53+0.05 A in the initial growth stage and plotted the result
in Fig. 6. The interlayer spacing increases with increasing
film thickness and reaches a constant value of 1.66
+0.06 A at 6 ML. The figure shows that on R01) Fe
films start to grow in a compressed structure along the direc-
tion perpendicular to the surface and the degree of compres-
sion is released as the film thickness increases. The interlayer
spacing changes continuously with film thickness and there
is no evidence of a structural change as a whole as in the
case of Fe films on G001) and C@001) surfaces>8In the
Fe/Cy001) and Fe/C¢01) systems, Fe films thicker than 11
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ML cannot hold the structure elongated perpendicular to the
surface and form edge dislocations at the interface to adjust
lattice mismatch and reduce the total energy. In Fe films 150

grown on RI{001), the lattice mismatch is adjusted by the &
strain at the interface and the Fe film tends to gradually 8
change from fdiD01) to a distorted bad 10 structure with- = 100
out a structural change as a whole. Since the surface sensi- g
tivity of the present photoelectron spectroscopy is less than %

10 A, the observed structural change occurs in the surface € 50
region of the Fe film. The f¢001) structure near the inter- >
face can hold regardless of Fe film thickness.

According to first-principles calculation of the total en- 0
ergy and magnetic moment of Fe films, the stability of fer-
romagnetism strongly depends on the lattice constant, in
other words, the atomic volume of E&3! The ferromagnetic
phase is stable when the average atomic volmexceeds
a certain value. It has been predicted that ferromagnetism is
stable in fcc Fe forv>11.57 A%, and in bcc Fe forv
>11.7 A%. Based on the RHEED and XPD observations, we g
evaluated the atomic volume of Fe for each film thickness;
this is shown on the right ordinate in Fig. 6. In the figure, Fe
films realize ferromagnetism in the fcc structure at thickness o, 00 100
over 4 ML and bcc ferromagnetism over 6 ML. The atomic (') 5 L" é ;; 1'0 1'2 '
volume of Fe in the current study exceeds the threshold of
the nonmagnetic phase. Fe Film Thickness (ML)

To investigate the thickness dependence of the magnetic _ _ _
properties we studied MCD, since the intensity of MCD FIG. 7. (a) Th'Ckness_ dependence of Feps% MCD Intensity
spectra is directly related to the local magnetic moment og‘e.asured at.RT' Inset is the geometry qf MCD e.Xpe”me(mS:

. . pin magnetic momentngs,;y) and the ratio of orbital magnetic
atoms in the film. We measured MCD spectra near pe 2 moment () to M., obta?ned from MCD sum rule
and Rh 3 absorption edges for various film thicknesses. o spin '
Figure Ta shows the Fe @5, MCD intensities normalized shows similar thickness dependence to the MCD intensity
to the edge jump, which increase as a function of film thick-and reaches (2.140.21)ug at 6 ML. It is almost the same
ness and reach a constant value of about 150% at 6 ML. Wealue as in bulk bcc F&,and it is reasonable to suppose that
did not observe MCD for the Fe films below 2 ML, which is Fe films become bcc above 6 ML. Timey,;, and MCD in-
consistent with the results of the atomic volume considertensity originate from the local magnetic moment of Fe in
ation in Fig. 6. Nor did we observe MCD at the RIp 3 the film and follow the temperature dependence of the mac-
absorption edge regardless of the Fe film thickness. This imFoscopic magnetization which vanishes above the ferromag-
plies that there is no induced magnetic moment in Rh atomsetic transition temperaturél {). The thickness dependence
at the interface in spite of the possible existence of hybridshown in Figs. 7 and 1b) implies that the Fe film consid-
ization between Fe @ and Rh 4l states. In the Fe/RB01) erably reduces it . with decreasing film thickness which
system it is considered that the first and second layers ar@sults in the small local magnetic moment observed at RT.
nonmagnetic while only the upper layers are ferromagnetidhe reduction ofT, due to the lower symmetry was also
in Fe films thicker than 2 ML. The interlayer spacing nearobserved in Fe fiims grown on AD01) and Ag001)
the interface does not change with film thickness and isurfaces?® It is also observed that the ratio,,/ Mgy, Seems
shorter that that of upper layers. Since the XPD results inndependent of the film thickness. This ratio is expected to
Fig. 6 shows that the interlayer spacing increases toward thacrease with decreasing film thickness because of the re-
surface, the topmost few layers from the surface change theituced crystal field for thin films. For further investigation,
structures from f¢001) to distorted bc(l10) as the film MCD experiments at low temperature are needed in the
thickness increases. future.

By applying the sum rule for MCB? we evaluatedng, ACKNOWLEDGMENTS
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