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Surface-sensitive Fe B photoemission spectra fora-Fe,05(0001): The influence of symmetry and
crystal-field strength
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(Received 28 February 2001; published 2 November 2001

We have measured high-energy-resolution pepotoelectron spectra far- Fe,05/ a-Al ,05(0001) grown
by oxygen-plasma-assisted molecular-beam epitaxy at emission angles chosen to enhance bulk and surface
contributions. We quantitatively reproduce the subtle line-shape differences in these spectra by taking into
account the break in symmetry and change in crystal field splitting generated by the presence of the surface.
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[. INTRODUCTION resolution, and a spectrometer geometry that did not maxi-
mize surface sensitivity. As a result, spectral information spe-
Metal core-level spectra of transition-metal Compoundgpific to the first few atomic layers could not be obtained.
are enormously complex. They are affected by multiplet !n order to more definitively learn how the presence of
splitting, shake-up phenomena and the attendant satellite fe1e Surface affects these complex spectra, we have exploited
tures, phonon broadening, and, in some cases, the prese erences in the Fe {2 photoermssmn line shape f_or
of multiple oxidation states. The vast majority of all previous & 0;(0001), as measured with state-of-the-art high-

; . . e ...~ energy resolution x-ray photoemission spectrosdofi8S at
experimental photoemission investigations of transition+,,,ma; or bulk sensitive, and grazing, or surface sensitive,
metal oxides utilized conventional nonmonochromatic x-rayphotoemission geometries. We can account for these differ-
sources, resulting in spectra with at best marginal energ¥nces by means of a relatively simple atomic multiplet
resolution. As a result, the fine structure that exists in theséheory, guided by Fé&-edge x-ray-absorption specitdAS)
spectra could not be resolved. In addition, most previousor «-Fe,O5. Values of the crystal field splitting in the bulk
studies were not carried out under experimental conditionand at the surface are a result.
that yield truly surface sensitive spectra. One must obtain

spectra at a photon energy that minimizes the photoelectron

attenuation length, or at an emission angle sufficiently close Epitaxial a-Fe,0 films were grown by oxygen-plasma-

to grazing to limit the spectral sensitivity to the top few assisted molecular beam epitak®PA-MBE) (Ref. 9 on

atomic layers. One exception is a recent work by Nesbitiw-Al,03(0001) and then transferred under UHV conditions

et al! These authors used synchrotron radiation photoemigo an appended photoelectron spectroscopy chamber. Un-

sion at high-energy resolution, and high surface sensitivitydoped, nonconductive films of thickness equaht2000 A

to measure core-level spectra for cleaved pyrite. They thel€re grown at a substrate temperature of 400 °C and an ini-

interpreted the spectra in light of surface electronic structureli@l growth rate of~1 A/min for the XPS experiments. After
Several theoretical models have been proposed to intePN€ hour the growth rate was increased to 0.1 As for the

pret these complex photoemission line shapes and satellif mainder of the film. Detailed accounts of the growth con-

structures in terms of the valence electron configurafions. a/ions are made elsewhefFollowing growth, x-ray pho-
Many of these methods involve the mixing of configurationstoe'ectron spectroscopy measurements were carried out in a

o . ... ~connected chamber housing a GammabData SES-200 hemi-
arising from charge transfer from the ligand to the transition

tal i 7 tal® calculated the Ni level “spherical analyzer with a monochromatid<at x-ray source
metal ion. Zaaneretal.” calculated the Ni P core-level —onq 5 precision goniometer/manipulator. Low-energy elec-

spectra utilizing the Anderson impurity framework for Ni o diffraction (LEED) patterns were also recorded in the
dihalides and found a Iartige variation in Ni-ligand charge-photoemission chamber to further check crystallinity and
transfer energy. Okadat al” expanded this model to include cleanliness. An electron flood gun was used to compensate
multiplet, spin-orbit, and crystal field splitting for Ni and Co sample charging. All binding energies were referenced to that
dihalides. More recently, Baguat al.” have challenged the of O 1s, which was taken to be 530.0 &¥.

traditional charge-transfer assignments and argued that all The x-ray absorption measurements were performed on
features in the photoemission spectra of M@ can be the High-Energy-Resolution MonochromatdHERMON)
accounted for with many electron atomic multiplet couplingbeamline at the University of Wisconsin Synchrotron Radia-
and recoupling of the-shell electrons. Fuijiet al® have car- tion Center. With two interchangeable spherical gratings,
ried out configuration interactiofCl) calculations to inter- HERMON operates over an energy range of 245-1100 eV
pret core-level and valence-band photoemission measurevith a flux of ~ 10'%hotons/sec and is capable of delivering
ments for iron oxide films grown by Ngassisted molecular circularly polarized light throughout the energy range. X-ray
beam epitaxyMBE). Their theoretical method produced rea- absorption near-edge spectra were obtained fros@fjgow-
sonably good agreement with experiment. However, thigler pressed into indium foil, cut and polished naturally oc-
study, as most of the previous investigations, utilized noncurring hematite, and OPA-MBR&-Fe,0O; films grown on
monochromatic AKa x-rays, resulting in marginal energy a-Al,O5(000). XAS from these three specimens do not

II. EXPERIMENT
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show any appreciable line-shape differences. Division of the —
raw XAS spectra by the electron yield signal from a refer- " o-Fe.04(0001)

ence grid monitor measured concurrently with the sample i

was used for normalization. For fitting to theoretical data, we
subtract a background intensity(E), which is calculated as

E
|B(E)=_f Im(e)de,
N Jewn
where the normalization fact®f is defined so that the back-
ground equals unity above the eddg(Eyax) =1, which is
the convention used for displaying the experimental data
Im(e). The integration endpointE,y =700 eV andEax
=735eV are chosen to be well below and above the edge.
This background has the advantage that it is directly com-
puted from the experimental data, and therefore requires no L Satelite
assumptions to be made about the shape of the background
intensity.

Fe 2p XPS --
[ normal emission

\

Satellite

Intensity (arb. units)

| Fe L-edge XAS
Ill. CALCULATION METHOD

In order to interpret the Fe 2 XPS line shape in 735750 7o 70 71e 710 705
a-Fe,05(0001), we first consider the He-edge XAS for Energy (eV)
a-Fe,0; powder. There are two reasons for this approach.
First, L-edge XAS spectra of first-row transition elements are  FIG. 1. Comparison of F&-edge XAS from hematite powder
characterized by very sharp multiplet features, limited by abottom) with normal emission §=90°) Fe 2 XPS from
core-level broadening of less tharD.2 eV. These spectra are a-Feg03(0001) (top) with dashed lines to highlight similarities be-
thus better resolved than their XPS counterparts, makingveen 2°3d® and 20°3d°L final-state multiplet energies.
their deconvolution easier. Second, there are no shake-up
satellites present in XAS, thus simplifying their interpreta- There has been considerable theoretical effort devoted to
tion vis avis XPS. However, it must first be established thatcalculating x-ray absorption spectra with a range of methods
it is legitimate to interpret XPS in light of XAS. In, XPS, the including atomic models, a linear combination of atomic or-
x-ray photon is of sufficient energy to excite the photoelec-bitals (LCAO) band-structure approach, and density-
tron to a final-state energy that is well above threshold. Irfunctional theory. Our approach is to use the ligand field
contrast, the photon energy in XAS is at the threshold fomultiplet model which has been described extensively
excitation from the core orbital to the lowest unoccupiedearlier'! This simple atomic model is important for those
bound state. However, despite this difference, the final-statexperiments which are sensitive to symmetry and thus those
multiplets occur at the same relative energies in the tweexperiments which involve only thed3band. We consider
spectroscopies, as seen in Fig. 1. The reason for this resulttise crystal field surrounding the metal ion from the point of
that to first approximation, the H# ) ion is left in the same view of symmetry reduction. Thd orbitals, which are de-
final state in the two experiments. The(Fe L-edge XAS  generate in spherical symmetry, split into two subsetpf
transition in a-Fe,0; can be described as p23d°® ande, orbitals in an octahedraly;) crystal field. There is a
—2p°3d®. Virtually all workers in the field agree that the break in degeneracy of the order 0.1 eV within thet,q
primary Fe 23, and 2., photoemission peak§.e., the ande, orbital sets associated with going from a purely octa-
“nonsatellite” peaks originate from ligand-to-metal valence hedral field to the distorted octahedral field found in the co-
charge transfer accompanying Fe Zore-hole creation, rundum structuré? However, one can still fit the spectra
thereby leaving the F#I) ion in a 2p°3dCL final state as the using one parameter, D@, which is the energy difference
dominant configuratioL denotes an O 2 ligand hole. between the centers of gravity of thg, ande, orbital sets.
However, this unit of transferred charge is distributed amongd-or the surface-sensitive spectra, we consider a further re-
the six nearest-neighbor oxygen ligands, thereby amountinduction in symmetry taC5,, with the associated inversion of
to only 3 e~ transfer per ligand. If such a modification in thet,y ande, orbital energies, as well as the attendant loss of
charge distribution has a measurable effect on the magnitudiegeneracy within each orbital subset. Here, the reported
of the crystal field, the multiplet energies in the Fe @re-  crystal field splitting is again the energy splitting between the
level spectrum should be altered relative to those in the XASgeometric centers of th,, and e, orbital sets. The Slater
However, such is not the case, as Fig. 1 illustrates; the XP#tegrals were scaled to 80% of the associated atomic values,
and XAS multiplet energies are the same within our experiand 1@q was varied from 0.8 to 2.4 eV as an optimal fit to
mental resolution. Thus theoretical predictions of the moreexperiment was sought. To obtain the theoretical spectrum
simple XAS multiplet structure can be used as a startingrom the discrete multiplets, the latter were broadened with a
point to simulate the more complex and less well resolved.orentzian to simulate lifetime effects, and a Gaussian to
XPS line shape. simulate instrumental resolution. Lorentzian full width at
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Theory - Approx.
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FIG. 2. FeL-edge XAS ofa-Fe,0; (dotted ling compared with
a ligand field multiplet calculation with crystal field strength 2.1, FIG. 3. Discrete multipletésticks and convolutior(bottom for
1.8, and 1.5 e\(solid line) from top to bottom. Felll) in octahedral symmetry and an approximatigop) com-
posed of ten broadened representative multiplets. The crystal field
half maximum(FWHM) values of 0.30 and 0.10 eV were strength corresponds to D@ =1.8eV.
used for multiplets in thé , andL 5 peak manifolds, respec-

tively, whereas a 0.3 eV Gaussian FWHM was used for alinytiplet peaks were chosen to represent the atomic multip-
multiplets. The broadening used for multiplets in thg et calculation. These peaks were chosen because their bind-
manifold differed from that used in thie, manifold to ac-  jng energies were common to those of large numbers of
count for the extra decay channel present in the latter.  ¢losely spaced and unresolvable multiplets. This set of ten is
Figure 2 shows the experimental Eeedge XAS from  thys representative of the total multiplet set. We show in Fig.
a-Fe,0; (bottom), along with atomic multiplet calculations 3 the total multiplet setsticks along with the total theoret-
for Fe(lll) in a purely octahedral symmetry for three valuesica| spectrum(bottom) obtained by convolution of the indi-
of the crystal field splitting—1.5, 1.8, and 2.1 eV—using theyidual multiplets with the Lorentzian and Gaussian curves
broadening scheme discussed above. While examination Qﬁscussed above. The upper pane| of F|g 3 shows the set of
the experimental XAS at the; manifold clearly reveals bet- ten representative Gaussian peaks whose individual height
ter resolution for transitions at lower photon energy, repreand full width at half maximum(FWHM) were varied in
sentative values of the lifetime broadenings for each spinprder to achieve the best fit, along with their sum. The sum
orbit manifold and the overall experimental broadening wereyf the ten representative multiplet®p) compares very fa-
used to reproduce the whole of the line shape. Howevekorably with both the theoreticabottom and experimental
enhanced resolution at lower photon energies suggests thgbectrum(Fig. 2). Independent determination of the ten rep-

the lifetimes may vary systematically with energy. The bestesentative curves that best simulate the total calculation was
fit between eXperIment and the full ||gand field multlplet repeated for each value of [DQ

calculation occurs for a crystal field splitting (2q) of 1.8
eV, as determined by the chi-squared value for a range of

values between IDg=0 and 3.0 eV. A similar treatment IV. PHOTOEMISSION RESULTS AND DISCUSSION
was done by van der Laan and Kirkman whom also report a
best fit for crystal field value of 1.8 e¥.Here, chi-squared
was defined as

We show in Fig. 4 high-energy resolution F@ Zore-
level spectra fora-Fe,05(0001) taken at normal emission,
0=90° (top), and at grazing emissiod="7° (bottom), rela-
, S(u— I1)2 tive to the surface. All major featurd&\—E), are present at
X =75 both emission angles. However, there is a shift to higher
M binding energy for peald with respect to the remaining
wherel, andl; are the background-subtracted experimentapeaks(B—E) at grazing emission. Peaks C and E are the
XAS and the calculated intensities, respectively. satellite features associated with thps2 and 2p,,, peaks,
Rather than using the entire set of multiplets, which ex-respectively, and originate from th@23d°® final state of the
ceeds 100, ten representative Gaussian/Lorentzian broadenéelll ) ion in which there is no charge transfer from the
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FIG. 4. High-energy-resolution Fep2core-level spectra for 740 735 730 725 720 715 710 705 700
a-Fe,05(0001) obtained at normal emissiond€90°), top, and Binding Energy (eV)

grazing emission anglef=7°), bottom. FIG. 5. Measured XPS spectrum far Fe,03(000]) (dot9 ob-

tained at normal emissiorE 90°), along with the simulated spec-

ligand. The small yet distinct differences in the two spectragrum (solid curve using the ten representative peaks from the XAS
especially visible in the @3, primary peak, are due to dif- peak fit shown in Fig. 3 as a starting point.
ferences in geometric and electronic structure at the surface
relative to the bulk. Fe atoms in the terminal layer sit inboth XPS and XAS reveal substantial sensitivity t &ec-
threefold hollow sites created by the underlying plane oftron count. It is noteworthy that separate normal-emission Fe
oxygen atoms with an inward relaxation of &8.1A*  2p simulations in which the crystal field strength was al-
These atoms thus posse€s, symmetry instead of the lowed to freely vary did not result in a more accurate simu-
nearly perfect octahedral symmetry of the bulk. lation than that described above; a value ofA(B1 eV also

The reduced multiplet peak set found to accurately reproresulted from this exercise.
duce the Fe.-edge XAS was used to simulate the Fp 2 We show in Fig 6 a plot of chi squared as a function of
XPS spectrum at normal emission, with the addition of the
two Gaussians to account for the satellites, which are not

present in XAS and are not predicted by the simple theory. 0045

The XAS multiplet binding energies were not changed in 0.04

simulating the Fe @ core level at normal emission. The

multiplet peak heights were allowed to vary in order to com- 4 0.035 E

pensate for the different values of coupling between the core §

hole and the valence electrons in photoemission. The FWHM g 0.03

values were also allowed to vary to compensate for the ad- <

ditional experimental broadening in the photoemission spec- 3 %925

tra created by lifetime effects. Figure 5 compares the mea- 2 002k .
sured(dots, upperand simulatedsolid curve, lower Fe 2p g o

spectra at normal emissiord€90°). A standard Shirley §70.015 :

background was subtracted from the experimental spectrurr «y, r

with the window taken to encompass the entines2 and 0.01 F

2p,, region. The separation between the resolved multiplets F

in the 2p4, primary peak is very well reproduced, and re- 0.005 ¢

flects the goodness of the fit. The use of a common set of L «
multiplets for XAS and normal-emission XPS, together with 01_2 1.4 1.6 1.8 2 2.2 2.4

the excellence of the fits, validates the essential assumptior
that the °3d° and 2°3d®L photoemission final states can
indeed be treated separately. In addition, the physical simi- F|G. 6. y2 vs 1Mq for bulk-sensitive experimental Fep2XPS

larity between the @°3d°L XPS and $°3d® XAS final  and simulated photoemission for (&) ions in a purely octahedral
states is further validated, because theoretical predictions dield.

Octahedral Crystal Field Splitting 10Dq (eV)
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assumed crystal field splitting for the normal-emission pe 2
spectrum. The optimal value for D@ for bulk a-Fe&Os;, 070
1:8+0.1eV, obtained by the chi-squared analysis shown in A
Fig. 6, agrees fairly well with optical absorption measure-
ments by Wickersheim and Lefev€rThese authors report a
value of 2.0 eV for naturak-Fe,0O;. A somewhat different
value is extracted from comparison of B8 XAS with ClI
calculations, which yielded a value of 1.5 Mt should be
noted that the value of the crystal field strength yielded by
our analysis contains only the electrostatic portion of the
total crystal field parameter. The total parameter also con-
tains a covalent contribution, which is not accounted for us-
ing our simple model.

Comparing spectra at normal and grazing emission angle:
allows the surface contribution to be differentiated from that
of the bulk. Based upon a simple inelastic attenuation mode
with an electron attenuation length ef10 A® the probe
depth at#=7° is approximately four atomic layers with
~85% of the signal coming from the first two atomic layers.

In contrast, the sampling depth &&=90° is approximately

30 layers, with 85% of the signal coming from the tef22 = 4 »
layers. The more surface-sensitive spectrus {°) differs 740 735 730 725 720 715 710 705 700

from the more bulk sensitive spectrum primarily in the mul- Binding Energy (eV)

tiplet structure at the top of thep3,, primary peak, which is

less resolved in the spectrum obtaineddat7°. F_IG. 7. I_vle_asured Fe 2 spectrum fc_)ra-Fezo_g,(OOOJ) taken at

We followed much the same procedure to simulate the F@raZing emission &=7°), top, along with the simulated spectrum
2p XPS obtained at grazing emission, except thadd@vas solid). The individual broadened multiplet curves are characteristic
allowed to vary, and the local symmetry of (AE) was of local C3y, symmetry for F@ll) at the surface, and Djj=1.5

' k *+0.1eV.
changed to reflect the true surface structural environrent.

The calculation was performed usii@g, symmetry, rather
morphology as a function of film thickness and growth con-

than the perfect octahedraDf) symmetry used for the nor- MC
mal emission simulation. We made this change in order tdlitions for thea-Fe,03/a-Al;05(000]) system, and the re-

simulate the surface electronic structural environment as agults are relevant to our analysis of the surface-sensitive Fe
curately as possible, although the effect is rather small, agp spectrum. A modified form of Stranski-Krastanov growth
discussed below. The same initial Lorentzian lifetime andoccurs as a result of the 5.8% lattice mismatch, resulting in

Gaussian broadening were used, as previously determined by
comparison to experimental XAS for the octahedral calcula- 0.04
tion. We show in Fig. 7 the important broadened multiplet :
peaks, their sum, and the experimental grazing-emission
spectrum. The satellites shown as dashed curves were agail 0.035
represented by Gaussians, identical to the ones used for the..
bulk-sensitive simulation. The best agreement between
theory and experiment occurs when a reduced value of 1.5
+0.1eV was used for the crystal field splitting. Determina-
tion of the best fit was found by minimization of chi-squared
as 1Mq was varied. The chi-squared curve shown in Fig. 8
can be represented by a parabola with minimum near 1.5 eV.
A reduction in symmetry fromO,, to C5, alone will not
account for the differences between the normal- and grazing-«y, 0.01
emission Fe p spectra. The changes produced by the reduc- Tt
tion in symmetry were relatively small, whereas the depen- C
dence of the line shape on the crystal field is strong. This 0.005

hotoemission Intensity

‘.
0.03 F

0.025

0.015

goodness of fit {arb. unit
o
o
N

result is consistent with the experimental observation that T
deviations in Iiga}nd field symmetry produce only subtle line- 00_9 11 13 15 1.7 1.9 21
shape changes in the Eeedge XAS of a number of F#l )- Center of gravity crystal field splitting (eV)

containing compound®. Thus a reduction in the crystal field
strength is required to account for the differences in line FIG. 8. % vs 1(Dq for surface-sensitive experimental Fe 2
shapes. XPS (§=7°) and simulated photoemission for(RE) ions in aCyy,

We have investigated in detail the evolution of the surfaceield.

205414-5



T. DROUBAY AND S. A. CHAMBERS PHYSICAL REVIEW B64 205414

the formation of elongated islands alofig120] at film Our analysis of high-energy-resolution Fe 8pectra for
thicknesses of a few tens of R These islands coalesce epitaxial y-F&03(001) (Ref. 20 yields the same conclusion
with increasing film thickness, resulting in terraces that ardegarding a reduction in crystal field strength from 1.8 to 1.5

several hundred A in length anrﬂQlEO] at film thicknesses €V & the. sgrfacg. Spectra obtained at normal fand grazing
in excess of~1000 A. However, the step density along the angle emission display a very subtle difference in the mul-

- S . . . tiplet peak separation present in the primargs2 peak,
orthogonal[1100] direction remains high. The typical ter- AT IS . .
race width along this direction at2600 A film thickness is which is only observable with high-energy resolution. As in

. . . the present case, these differences can be accounted for by
~20_25. A, _W'”; 2.3 A step heights between terraces of III(emodeling a reduction in crystal field strength at the surface.
Fe termination® From this morphology, we estimate that

~20% of Fe cations in the surface layer are at steps and thus

possess one or two dangling bonds per ion. Fe ions at steps V. CONCLUSIONS

are also of lower symmetry than either surface Fe ions on |n summary, we have demonstrated that Fe spectral
terraces, which exhibiC3, symmetry, or bulk Fe ions, |ine shapes froma-Fe,04(001), obtained in bulk- and
which possess distorte@, symmetry. This morphological suyrface-sensitive emission geometries at high-energy resolu-
result is qualitatively consistent with the appearance of aRjon, are sensitive to the break in symmetry and reduction in
OH-derived feature in the surface-sensitive ®©spectra of  crystal field strength associated with the surface. With the aid
these film surfaces, which exhibit intensities that are consisof |igand field multiplet theory, which is highly sensitive to
tent with a partial monolayer of adsorbed GHChemisorp-  symmetry and crystal field parameters, in conjunction with
tion studies on these OPA-MBE grown surfaces suggest thatray-absorption spectroscopy, the core-level photoemission
dissociative chemisorption of water occurs at steps below gpectra can be deconvolved into individual final-state multip-
threshold pressure of 10 *torr, and that OH binds to Fe |ets. With this approach, values of the crystal field splitting in

ions at these stegS.Chemisorption of OH was concluded to the bulk (1.8-0.1eV) and at the surface (E®.1eV) are
occur at Fe sites on terraces for pressures above the thresh@gtained.

pressure. The presence of Fe emitters at steps in the surface
layer is expected to partially diminish the difference between
bulk- and surface-sensitive Fg Zpectra, because such ions
have coordinations that are intermediate between Fe on the The research described in this paper was performed in the
“perfect” surface and in the bulk. Nevertheless, an effect isEnvironmental Molecular Sciences Laboratory, a national
clearly observed in the present experiment, an®0% of  scientific user facility sponsored by the Department of Ener-
surface Fe ions are estimated to be on terrace sites. Such iogg's Office of Biological and Environmental Research and
possesLs, symmetry and have three dangling bonds. Inlocated at Pacific Northwest National Laboratory. This work
addition, the use of an oxygen plasma during growth andvas supported by the U.S. Department of Energy Environ-
oxygen-rich conditions essentially preclude the formation ofmental Management Science Program and the U.S. Depart-
oxygen vacancies, which are expected to constitute the domiment of Energy, Office of Science, Office of Basic Energy
nant class of point defects on this surface. Sciences, Division of Materials Science.
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