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Observation of an exchange-split alloy surface state
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The spin-resolved electronic structure at (h&0) surface of the magnetic alloy FeNias been studied with
spin-polarized inverse photoemission spectroscopy in conjunction with first-principles electronic structure
calculations. An unoccupieﬁSchockley surface state in a bulk band gap is observed that is exchange split by
320 meV, indicating that the topmost surface layer is ferromagnetically ordered.

Multicomponent magnetic systems and layered structurebulk states that form the gap boundarié©ur results dem-
are rapidly gaining importance as materials with propertie®nstrate the existence of an exchange-split alloy surface
tailored to a number of specific applications,Rg _, alloys  state.
are an important example, the phase diagram containing a Experiments were carried out using a picture-frame-
variety of structural, mechanical, and magnetic propertiesshaped FeN{110 single crystal with legs in thel11) di-
These include the Kondo efféaind the Invar phenomendn. rections of easy magnetization. Before insertion into
Of particular fundamental interest is the complexity of thevacuum, the mechanically polished crystal surface was elec-
interaction between the magnetic and chemical ordering ifochemically etched in a 9:1 mixture of 85%;f0, and
these materials. Theoretical studies have sugge$tgsat CrO;. Once in UHV, repeated cycles of Arsputtering(1
magnetic anomalies arise from an antiferromagnetic coukV, 10 min and annealing973 K, 25 min were employed
pling between nearest-neighbor iron atoms. Furthermore, th® obtain a depletion of sulfur and carbon in the surface
chemical and magnetic ordering have been shown to havelayer. Subsequent Auger spectra corresponded to a clean sto-
large influence on each other in the region of the orderichiometric surface and a sharp<1 low energy electron
disorder transition&® diffraction pattern was observed.

Technologically important nickel-iron alloys usually have ~ Magneto-optic Kerr effectMOKE) measurements were
compositions around 75-82 % Ni. They are referred to agarried outin situ to evaluate the field necessary to achieve
Permalloysdue to their high permeabilities and low coercivi- saturated magnetization and to determine whether the sample
ties. There have been a limited number of investigations ofould be magnetized in remanerfédhe magnetic field was
the electronic structure of FeNiRefs. 7 and Band the generated by passing a current through a coil of tantalum
results have been interpreted using the band structure a¥ire wound around one leg of the picture frame crystal. The
nickel® Spin-resolved soft x-ray appearance potential spectrfneasurements were performed by ramping the current
of FeNi; (Ref. 9 have shown how Fe, a “weak” ferromag- through the coil while monitoring the rotation of linearly
net as a pure element, becomes a “strong” ferromagnet ifpolarized light admitted through a vacuum window, reflected
the compound accompanied by an increased magnetic mét the FeNj(110 surface, and analyzed through another win-
ment of about &g. Ni, on the other hand, was observed to dow.
become more “Fe-like.” The angle-resolved spin-polarized inverse photoemission

An understanding of the magnetic behavior of Fe-Ni al-spectroscopy(SPIPE3 measurements employed a GaAs
loys requires detailed knowledge of the electronic structureSpin-polarized electron sourceto supply a well-defined
since the latter plays a key role in determining the magnetid#eam of spin-polarized electrons to the FgMNLO sample.
properties. For example, Permalloys have recently beemhe angle between the magnetization direcfibit] and the
widely employed in magnetoresistive sensor devices such &pin vector direction of the electrons, which was aligned
spin valves and tunnel junctions. In the latter application itwith the[ 110] direction in the surface plane, was constant at
has been shown that the junction magnetoresistance 86.3°. The polar angle of incidence with respect to the sur-
strongly dependent on the surface magnetization as well gace normal,d, could be varied with the parallel component
the electronic density of staté$ln order to further under- of the electron wave vectdy; lying along the[001] direc-
stand these key properties we have employed spin-polarizetbn. To ensure that the sample magnetization remained satu-
inverse photoemission measurements and first-principlesated, all the measurements were recorded with a small cur-
electronic structure calculations of Felil0) to investigate rent being passed through the magnetizing coil. This
the surface magnetism and the spin-resolved electronic strugenerated a field sufficiently strong to keep the magnetiza-
ture. Information on the surface magnetic properties can b#ion saturated, while still weak enough not to have any ob-
retrieved via the exchange splitting of crystal-induced surservable effect on the position of the electron beam.
face states, which usually appear in energy or symmetry gaps Photons were counted using two solid-state photon
of the projected bulk band structure and are derived from theletectors?* Both were fitted with a SgFwindow low-pass
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filter and a NaCl photocathode high-pass filter, giving an
optical resolution of 0.42 e¥? which dominates the overall
experimental resolution. The effective energy of the detected
photons is~9.5 eV. The photon detectors were mounted at
angles of 41° and 71° with respect to the electron beam
direction. The two spin channels were measured quasisimul-
taneously by flipping the electron spin direction, while keep-
ing all the other parameters constant for each data point.
Photons were counted during a time interval corresponding
to a constant accumulated charge of incident electrons of 2
unA's at the sample. The electron source cathode was oper-
ated under nonoptimized negative electron affinity
conditions!® leading to a constant emission current for sev-
eral hours. Several spectra were added channelwise to obtain
acceptable statistics. The spin-resolved data were renormal-
ized for a 100% polarized electron bedft?

The FeNi(110 sample proved to be extremely sensitive 0 2 4 6
to contamination, resulting in the complete attenuation of E-Ep(eV)
clean-surface features in the SPIPE spectra within about an
hour of scanning, despite a base pressure below 2 FIG. 1. (&) SPIPE spectra of room-temperature F£&NLO) re-
%10 °mbar. The Auger spectra recorded subsequentlg’rde‘j with an electron incidence angle of 30° inftb@1] azimuth.

Intensity (arb. units)

showed a significant amount of carbon contamination. Sinc hotons at an energy of 9.5 eV were counted in .bOth Qetgctors.
pen (closed circles refer to data recorded with minority-

this was insufficient time to obtal_n accepte}ble.statlstlcs IF(majority—) spin electrons. The lines between points represent the
became necessary to remove this contamination from thgqe fynction and the vertical lines indicate the peak positions de-
surface with repeated sputter and anneal cycles before anymined by the fitting proceduréb) Spin averaged spectra from
additional spectra could be recorded. This process was rénhe photon detectors at 11¢losed squaresand 41°open squares
peated several times in order to gain satisfactory statistics.with respect to the sample surface normal.

First-principles electronic structure calculations were per- ,
formed for both the bulk FeNjialloy and the FeNj110 ~ Figure 1a) shows FeN(110 SPIPE spectra recorded at

surface. These electronic structure calculations were basé?ﬁ1 eleﬁtrt?]n |gcu_jer;ce anglte of ?%?] foII0\|/(vmg f'fld C?r?“tng
on the well-known density-functional thedfywith the usual roug € Lune temperature. 1he peak positions that are

local-density approximatioh. Random substitution disorder indicated by vertical lines in Fig.(a) were determined by

was approximately described by the so-called virtual CrystafIttlng a function to each spectrum. Each peak was repre-

approximatiort® The FeNi(110 surface was modeled by a s_ented by a Gaussian _and the background by a linear func-
) t|Pn multiplied by the integrated photon detector response
slab-supercell approach. The supercell consisted of a slab

15 FeNi atomic lavers and a slab of vacuum 7 atomic la ersunction to account for the step representing the onset of
5 y YeTS vailable unoccupied states at the Fermi level. As expected,

thick. In many previous calculations of other systems, thethe peaks in the minority-spin spectrum consistently occur at

surface was modeled by a slab of 5-7 atomic Iaygrs. Herﬁigher energy than the corresponding majority-spin features.
we found that a slab of more than 11 atomic layers is neces- The featureC seen at-2.5 eV aboveE, in Fig. 1(a) is
. F .

sary to achieve convergence of s_urface states. The ideal f(|;|(1:terpreted as a surface state on the basis of several observa-
structure was assumed for the virtual crystal. We used th

well-known linear muffin-tin orbital method fions. First, it attenuates rapidly with exposure to residual
The in situ MOKE hysteresis loops as a.function of tem- 925€S in the UHV chamber. Such attenuation is characteristic

perature are described elsewhterior to heating the of a surface stat&: Second, as can be seen in the spectra in

sample, the hysteresis loops were curved, with strongly re'-:'g' U(b), featureC is not observed in the data from the

duced remanence magnetization with respect to the saturg-h oton detector that is at an angle of 41° with respect to the

tion value. The loops recorded after field cooling from aboveelectron beam, and hence at an angle of 11° with respect to

the Curie temperature of about 855 K adopt a square appe the surface normal. This suggests that the transition dipole

ance with a smaller saturation field as well as a lower coezri[r(Sr featureC is mainly perpendicular to the surfa€eThis is
also behavior typical of a surface state. Third, as illustrated

civity and saturation in remanence. Further hysteresis Ioopgg Fig. 2, featureC follows an energy vé, dispersion very

measured at room temperature after this process showed a . :
retention of the square appearance, indicating that the hea%lmllar to that observed for the Nil) Schockley surface

ing process changes the magnetic properties of the sampRate in they azimuth®?1%The latter occurs in a projected
ireversibly via the presence of an induced uniaxialPulk band gap at about the same energy as fediuidore-
anisotropy?® Further MOKE measurements showed thatOVer: flrst-pr|nC|_pI_es elec_tronlc structure calculations for bulk
once magnetized, the remanent magnetization decayed frof£Nk alloy exhibit a projected bulk band structure where a
the saturation value, probably due to external stray fielddand gap exists around at the energy of featur€. Finally,
exceeding the very small coercivity. Hence the constant agfirst-principles electronic structure calculations of the
plication of a small field was required to keep the sampleFeNi(110 surface exhibit surface bands aloRy that re-
magnetization saturated. produce the dispersion of featuf@ apart from a shift of
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to results from clean Ni>?! the observed spectral features
observed here for Fefican be explained as follows. The
first peak A seen only in the minority spin channel arises
from transitions into empty @ bands. The next featurg,
which occurs in both spin directions, was assigned in the
case of N{110 to transitions into states of a mainkrp
character, although with a significant hybridization witdh 3
bands!® As noted above, the surface feature about 2.5 eV
above the Fermi level in both spin directioBsoccurs in an
inverted Shockley gap of the Ni bulk band structure.
Finally, we consider the experimental exchange splitting

J of SPIPE features. A comparison with the analogoud Nj)
0 featured® indicates that the splitting for FelNiL10) is almost
a factor of 2 larger. The FeNiLl10) s-plike feature is split
by about 550 meV compared to about 300 meV fof1ND),
while the FeNi(110 surface state splitting of about 320
meV compares with 190 meV for NMi10). The larger spin
splitting can be understood if one considers that a Ni crystal,
FIG. 2. Energy vs parallel momentum diagram of the projectedwith its magnetic moment of 085 per atom is being diluted
bulk band structuréshadedl of FeNiy(110). The shaded area rep- with 25% Fe(magnetic moment 2/4;) leading to the FeNi
resents projected bulk bands. Full and dashed lines represent calamoment of 1.1g. The increased spin splitting approxi-
lated majority-spin and minority-spin surface bands, respectivelymately follows the increase in magnetic moment. The mag-
Closed and open circles represent majority-spin and minority-spimjtude of the observed surface state exchange splitting is
experimental peak positions, respectively. The dispersion of the fegrence consistent with a bulk-terminated surface. The exis-
turesA, B, andC in Fig. 1(a) can readily be seen. tence of this exchange splitting indicates that the topmost
FeNi;(110 surface layer is ferromagnetically ordered. Fi-
about 0.5 eV and are mainly centered on the surface layefally, the sign of the splitting demonstrates a ferromagnetic
with a 30%(20% of p, and 10% ofs orbitalg contribution  coupling between the surface layer and the bulk at room
from the topmost atomic layer. The calculated projected bulkemperature.
band structure and surface bands are shown in an energy vs In summary, we have investigated the spin-resolved elec-
parallel momentunkt(k) diagram in Fig. 2 along with the tronic structure of FeN{110). Inverse photoemission data
positions of experimentally observed peaks. and theoretical calculations point to the existence of a sur-
The similarity beween our inverse photoemission result§,ce state a¥ on the alloy surface. This surface state exhib-
for FeNi(110 here and Ni110 (Ref. 19 is consistent with  ji5 an exchange splitting of about 320 meV, which demon-

previous FeNj photoemission resulfs.Indeed, the latter  girates the ferromagnetic nature of the alloy surface layer and
were explained by reference to the band structure of purgg coupling to the bulk.

nickel. This was possible since the electronic spectral density

in compositionally disordered fcc alloys can be classified This work was funded by the EPSROK). V.N.P. and
using the same symmetries as in pure Ni and the samk.S. are grateful to the Royal Society for the award of travel
polarization-dependent selection rules apply. By comparisogrants associated with this work.
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