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Surface electronic structure of Ti-based transition metal alloys
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The electronic structure of thé01) and (110 surfaces forB2 Ti-based transition metal alloys were
investigated using the full-potential linearized augmented plane-wave method in the local-density approxima-
tion. The evolution of the electronic structure of alloys at the different surfaces in comparison with the bulk
ground states is analyzed. The ferromagnetic order is displayed in the case of Fe or Co top laye(Ofal) the
surface. The surface magnetic moment of Fe andZ87ug and 0.8%.g) reduces drastically inside the film.

The influence of a surface on the electron properties of alloys is discussed.
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[. INTRODUCTION chemical properties in TM alloys at the microscopic level we
need to thoroughly understand the electronic structures of
Since the discovery of the shape memory eff@@ME)  their clean surfaces.
the attention of the researchers has been attracted to binary In this paper, using the full-potential linearized augmented
transition metal alloys, which exhibit a martensitic phaseplane-wave([FLAPW) method}” we focus on ES calculation
transformation accompanied by SME. Shape memory bulkor the (001) and(110) surfaces. We have performed a com-
Ti-based alloys have been the subject of intensive experiparative study of the surface electron structure in the TiFe-
mental and theoretical investigatiohs” Most of them crys- ~ TICO-TiNi series. The corresponding ES changes and the al-
tallize in B2 structure at higher temperature. It transformsteration of electron properties at the surface are discussed.
martensitically to a monoclinic phasdiNi) or an ortho-
rhombic one (TiPd, TiP) upon cooling. The martensitic Il. CALCULATIONAL DETAILS
transformationgMT’s) in the nearly equiatomic alloys are
significantly affected by the addition of the third element as The electronic structure for bulB2 TiMe (Me=Fe,
regards the MT temperature and crystal structure. Th&o, Ni) as well as TMe (001) and (110 surfaces were cal-
mechanism of MT in shape memory alloys is related to theculated using thavien97 implementatioff of the FLAPW
peculiarities of their electronic structufgs).—4 method within local-density approximatiofi.DA) for the
Among the alloys showing SME TiNi is the best known €xchange-correlation potential. Using the supercell tech-
example!~ SME of TiNi was at a focus of a number of nique, the surface was simulated by repeated slabs separated
works due to the convenient transformation temperature oy a vacuum region in the direction. The thickness of the
333 K. This material, also called nitinol, has been used in theacuum region corresponding to three bulk lattice spacings
aerospace industry, for electronics and mechanical engineepas found to be sufficient to avoid interactions of the
ing. In the last decade TiNi-based alloys have found wideTi(Me) atoms. The lateral lattice parameter was set to ex-
spread applications in medicine also. In this context theperimental lattice constant for the bulk allo§®.976, 2.99,
study of biocompatibility>" of alloys is an especially im- and 3.015 A(Ref. 37 for TiFe, TiCo, TiNi, respectively
portant task. In the case of TiNi the knowledge of the naturelhe equilibrium lattice parameters obtained from a nonrela-
of its biocompatibility is very important because Ti is a goodtivistic calculation within LDA are 0.5-1% smaller than the
implant material but Ni is well known as a hazard mateffal. measured ones. The volume behavior and bulk moduli for
However, biocompatibility is the surface related property.bulk TiMe alloys were studied in detail in our previous
Until recently virtually nothing was known about ES of the papers The core states were treated in a nonrelativistic fash-
Ti-based alloy surface. Basically surface ES for differention. The 3 and 3 states were treated as the valence-band
transition metal¥TM’s) or a monolayer of TM on an inert states. The multipole expansion of the crystal potential and
substrate was investigaté¥>* There exist a few papers electron density inside the muffin-tin spheres was cut at
where the transition metal alloy surfaces werel,a—=10. Nonspherical contributions to charge density and
investigated*~2° The (001) and (110) surfaces were studied potential within muffin-tin spheres were considered up to
very intensively forB2 NiAl alloy.3°-34 I max=4. In the interstitial region the charge density and the
The knowledge of surface electronic structure for transi-potential were expanded as a Fourier series with wave vec-
tion metal alloys is also important for understanding the martors up to G.,=10 a.url. The plane-wave cutoff was
tensitic transformations at the surface, which can be differerd a.u- 1. The muffin-tin radius was 2.3 a.u. for all compo-
from those in the bulk. Adsorption on the ordered transitionnents of alloys but the smaller value of 2.0 a.u. was used in
metal surfaces is a rather unexplored field3?éfIn orderto  the relaxation process. The electron energy spectrum was
explain structural, electronic, magnetic, biological, and bio-calculated at 16% points in the irreducible part of the Bril-
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louin zone(IP BZ) for the bulk B2 phase. The extensive T/TiNi B, s
convergence tests were performed with respect ttpeint
set and energy cutoff for the basis set for five- and seven-
layer TiNi slabs. Our simulation showed that a five-layer slab
makes a good approximation of tli#10 TM alloy surface
but a seven-layer slab must be used for (681 surface.
Finally the electron energy spectrum was calculated gt 72
points in the irreducible part of the two-dimensional Bril-
louin zone(2DBZ) for the (001 surface and at 2& points e
for the (110 surface. The energy cutoff was the same as in 6-4-20 246 6420246
the bulk calculation$15.6 Ry). Self-consistency was consid- Elev] EleV]
ered to have been achieved when the total-energy variation fiG. 1. LDOS for both terminations of seven-layer Ti601)
from iteration to iteration did not exceed<l0"* Ry inthe fiim. The labels C and S mark the central and surface layers, re-
surface calculation. The calculated density of stdi@®S)  spectively. The labels S-Gsubsurfaceand S-2 correspond to the
was broadened by a Gaussian function with a width of 0.%osition from the surface.
eV to suppress noise. An electron state is considered a sur-
face statdSS if more than 80% of its probability is located vicinity and aboveEr. The valence bandwidth decreases
in the surface(S), subsurfacgS-1) layers, and the vacuum from 7.30 eV in bulk TiFe down to 6.75 and 6.62 eV for
region. Ti/TiFe and FelTiFe, respectively. The surface bandwidth
The simplest variant of the surface fB2-TM alloys is  slightly increases for TiC¢6.95 and 6.84 e)and TiNi (7.06
the (001 surface, which consists of alternating metallic and 7.05 ey, The change in ES is related to the charge
monolayers of Ti oiMe. The idealized TMe(001) surface redistribution near the surface and the appearance of the sur-
can be terminated by either Ti dle atoms. There is N0 face states. The analysis of tee p-, d-contributions to the
experimental data on the relative stability of these two surcharge density for different layers shows that the charge den-
face terminations. In the present paper both Ti &helter- sty tends to increase towards the central layer for both sur-
minations of the TMe(001) surface are considered. Theseface terminations. The charge decrease in the surface layer is
variants are denoted by Ti/Nie and Me/TiMe, respec-  due to the reduction in the number of the nearest neighbors at
tively. Another interesting surface iB2-TiMe alloy is the  the surfaceg(in the bulk each atom has eight nearest neigh-
(110 surface. In this case each layer is a rectangular latticgors, whereas on th@01) surface an atom has only four
consisting of Ti andMe atoms with the same stoichiometry This results in the delocalization of and p states at the
content as the bulk alloy. surface and the charge redistribution in the interstitial and
We have also investigated whether our surfaces are truthiracuum regions. The decrease of the valence charge is
fully simulated: we check if the central layers properties co-mainly due top electrons.Me d orbitals are more localized
incides with those of the bulk. Comparison of the local-within muffin-tin spheres than those of Ti. The splitting of
density of stategLDOS) for the central laye(C) and the the states together with the dehybridization betwegnand
first from center layerS-2 and their sum with the corre- d states takes place at the surface of the transition-metal al-
sponding local and total DOS of bulk alloy showed that theloys as it was also noted earlier for pure transition mete:
bulk region is reasonably well reproduced in the surface cal- The energy bands along the symmetry direction of the
culations. In addition, the properties of the central layer wereDBZ for all considered alloysN e terminated surfacesre
found to coincide quite well with those of the bulk alloy.  shown in Fig. 2. The dispersion curves for TiNi are in a good
agreement with thoS&obtained by the film LAPW method.
Ill. RESULT AND DISCUSSIONS To determine surface bands we selected the states which had
A. (001 surface more than 80% occupation probability in the surface, subsur.—
: face layers, and the vacuum region. The changes of this cri-
Figure 1 shows the calculated LDOS for the seven-layeterion down to 60% can lead to the expansion of the surface
Ti/TiNi (001) and Ni/TiNi(002) films. A significant change in  states region. In this case the states are divided further into
the surface LDOS compared to that for S-2 “bulklike” layer “weak” and “strong” surface states. Namely, strong surface
is observed for both surface terminations. As seen in Fig. btates are shown by the dark filled circles in Fig. 2. All of the
the effect of the surface is dramatically confined to the sursurface states are basically dftype symmetry and only a
face layer, however, it is already much weaker in the subsurfew of them contain insignificant portions sfand p sym-
face layer. The ES changes are more significant for thenetry. This conclusion follows from detailed analysis of SS
Me-terminated TMe(001) film and result in sharp peaks orbital composition and a degree of the localization in the
below the Fermi level Eg). In the Me/TiMe cases the ES surface and subsurface layers at all symmetry points of the
changes rapidly diminish in the depth of the film, whereas2DBZ. On bothMe- and Ti-terminated surfaces there are
for the Ti/TiMe they are less significant but more pro- many so-called Tamm surface stat@syhich are pulled out
nounced inside the filmMe resonance surface states areof the bulkd-band continua. They are due to perturbation of
concentrated in a rather narrow energy interval belgwand  the crystal potential at the surfadley bulk/surface potential
their shifts towardsEg from —1.5 eV in Ni/TiNi up to shift). There are also the Schockley S¥sstates that re-
—0.3 eV in Fe/TiFe are observed. Ti SS’s are located in thesemble “dangling bonds,” which are located in the bulk
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FIG. 3. A contour plot of the charge-density distribution in a
[011] plane perpendicular to thd00) surface after relaxation pro-
cess for Ti/TiFe and Fe/TiF&€O01).

reactivity than the Ni or Co atoms. This can explain the
presence of the titanium oxide film at the TiNi surfaée.
Therefore the Ti-terminated Mie(001) surfaces cannot be
inert. It should be pointed out that SS in the Fe-terminated
TiFe(00D) film are located more closely B¢ . In this case
both Fe and Ti atoms d001) surface possess a high reac-
tivity. The larger density at the Fermi level is typically con-
sidered an indication for a more unstable system. Actually
the presence of many SS’'s near the Fermi level for the Ti-
terminated TMe(001) films also indicates the possibility of
the surface reconstruction.

We estimated the work functiong( for the TiMe(001)
systems considered. The obtained values of the work func-

FIG. 2. Electron energy spectruli(k) for Fe/TiFe, Co/TiCo, tion are 5.1-5.3 for Ti/TVe and 5.3—-6.0 eV for Me/ e,
and Ni/TiNi (001 films, respectively, the dark filled circles repre- respectively. The change of the work function with respect to
sent the surface states. the metal charge correlates well with theoretical and experi-

mental results for pure Fe, Co, and (8i04—5.53 eV.*° So,
band gaps. For example, in Fe/TiFe the occupied states netite work function depends more significantly from the top
Er at theI' point can be associated with the Tamm SS,layer atomic characteristics than from the film composition.
whereas the lowest states at thepoint are Schockley SS. We estimated the relaxation in the case oM&(001)
Unfortunately it is impossible to classify all SS’s within the surface. The geometry optimization has been performed for
framework of the simplified Tamm-Schockley schet®®  Ti/TiFe(001) and Fe/TiF€001) systems only. The Hellman-
which was used often in the literature for pure transitionFeynmann forces were used for the geometry optimization.
metals™® The majority of surface states observed in theUnfortunately, a complete relaxation of theM@(001) sys-
Ti/TiMe(001) film are also present in thde/TiMe(001) tem remains a formidable computational task. The calcula-
film, though they are located low in the energy scale. Intion of forces is very critical with respect to cutoff param-
general, main peaks of LDOS for bothMe (001 surface eters. The lateral parameter was fixed at the experimental
terminations are due to the same states, which are charactéattice parameter. The interlayer distances were optimized
istic of bcc transition metal001) surface. with a damped Newton dynamics. The relaxatiad(; /dy,

An increase of density of states at the Fermi leveli, j are layer numbejswas calculated with respect to the
[N(Eg)] in the surface layer is observed in all Ti-terminatedinterlayer spacingl,=1.488 A . Within the LDA we found
TiMe(001) films consideredN(Eg) changes from 1.285-2  a surprisingly strong contraction of the interlayer distance
layen up to 2.49 states/eV/atortS-layey in Ti/TiNi. It between the surface and subsurface layer25.6% for Fe/
should be noted thaN(Eg)=1.23 states/eV/atom in the TiFe and—13.9% for Ti/TiFe, whereas the second interlayer
bulk TiNi. N(Eg) for Ni-terminated film is smaller than that distance expanded by 1.5% in both cases. These values did
in bulk. It is known that the knowledge of the states néar  not change significantly when the two innermost layers were
is very useful for understanding the chemical reactivity at thefixed at the bulk coordinates. A contour plot of the charge-
surface. Our calculations show that most of the surface statetensity distribution in a plane perpendicular to the surface
near the Fermi level are Ti states. Besides the surface stataad extending alon§j110] direction is shown in Fig. 3 for
for the Ti-terminated surface extend into vacuum regionboth terminations of the TiK601) film after the relaxation
deeper than for thde-terminated surface. The present re- process. Ti surface states are distributed deeper in the
sults indicate that the Ti atoms at the surface possess a highesicuum region in comparison with Fe SS’s. The interaction
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is stronger along the direction of the nearest-neighbors atoms opin] Fr| — FeS spiny  B;| — FeS2
in Fe/TiF€001) film and the covalent bond is formed in this
case.

We can compare the calculated relaxation of the interlayer
distance with the results for pure transition metal or for TM
on a Cu substrate only. Strong relaxation for two monolayers
of Co and Mn on C(001 substrate 17.0% and
—30.86%, respectivejywere also obtained in Refs. 23 and
24. Similar behavior was reported recently for nonmagnetic
Fe(001) film,?® where the values ofd;,/dy=—20.7% and -8 4 0 4 8
Ad,3/dy=9.5% were found using the FLAPW method with
the generalized gradient approximati@BGA) (Ref. 41 for
the exchange-correlation potential. In the case (02 the
relaxation of the first interlayer distance-is11.1%% A re-
cent projector augmented wavéPAW) calculatiot’ of
V(001) also found relaxation of-13.6% and 1.0% for the
first two interlayer distances. In this respect we think that our
values are reasonable although we feel the criticism results
because the values are very large in comparison with experi-
mental ones in the case of pure transition metal. It should be spin|
noted that the choice of the lateral parameter can also influ- 8 4
ence on the value of the first interlayer distaftén any
case one needs to expect much larger values.of the relaxation FIG. 4. LDOS of the different layers for magnetic Fe/TiFe and
for T™ -aIons. As follows from results obtained, fo_r €X- cofTico (001 systemsMe bands are marked with solid lines and
ample, in Ref. 24, the magnetism pushes the relaxation back pands with dashed lines.
and only a small inward relaxation of 0.6% remains for
Fe(00D). In Ref. 25 outward relaxation of 3.37%8.63%  than that obtained for Co on the copper substrate
was obtained for the antiferromagnetic and ferromagneti¢1.71—1.7@.5).2® This is the contribution from the muffin-
2-monolayerML) Mn/Cu(00) system. At the same time the tin region only because the interstitial region contributes
influence of magnetism was less in 2-ML Col001) where  only a little?® The contribution ofs and p electrons to the
the value of—13.4% was found® total moment is insignificant. To the best of our knowledge

magnetic moments for Fe or Co terminated/&(001) sur-
) _ faces have not yet been measured. The calculation for the
B. Magnetic properties Ni/TiNi (001) surface reveals that it is not magnetic at all.

It is well known that if the surface of the material consists The magnetic moment of Fe and Co atoms decreases signifi-
of ferromagnetic atoms, there is a magnetic moment at theantly inside the films, having diminished to 0.41 and
surface even though it is absent from the bulk state. Experi0.32ug by the first from center layer, respectively. The re-
mental and theoretical investigations indicate that the magduction of the magnetic moment for pure TM in the subsur-
netic moment is enhanced as compared to the bulk value iface layers was also noted in Refs. 22—-26. We note that the
the magnetic system. Since iron is known to be a good magsame trend of an enhanced magnetic moment in the surface
netic metal, we also investigated the possibility that a ferrodayer (3.85.g) and a reduced magnetic moment in the sub-
magnetic surface layer forms in the Fe/Ti@@1) film. Simi-  surface layer (3.4@0g) was also found in our previous
lar investigations were also made for Co/T{G01) and Ni/  FLAPW calculation for NiMr{001). The reduction of the Mn
TiNi(00D. To achieve this we performed spin-polarized magnetic moment is much smaller than in above-mentioned
calculation within LSDA. The local spin densities of statescases of Co and Fe. As a consequence of the exchange split-
for Co/TiCo and Fe/TiFe are shown in Fig. 4. In general, theting at the surface the Fg&Co) states of electrons with spin
results show similar trends to those observed for the nondown are displaced relative to those with spin up on the
magnetic cases. The LDOS structure of the central layer difenergy scale. These states overlap significantly with Ti states.
fers insignificantly for the majority and minority spin for This is the reason for magnetic oscillation inside the film in
Fe/TiFe and Co/TiC¢00Y) films but we find significant dif- TiMe(001). For detailed investigation of the oscillation of
ferences in the surface layers. The exchange splitting of ththe magnetic moment in the plane perpendicular to the sur-
states with opposite spin and the narrowing of thbands face(the spin-density-wave formatipit is necessary to con-
results in the appearance of the magnetic moment at the susider much thicker film.
face. We estimated the layer-resolved magnetic moments for Our result reveals also that the magnetic moment of Ti in
both systems considered. It was found that the Fe-terminatetie subsurface layer is negative 0.41ug and —0.18ug in
film exhibits a slight enhanced magnetic momentTiFe(001) and TiCq001), respectively. M. Talananaet al?°
2.27ug [2.272ug (Ref. 26] compared to the Fe bulk value obtained a similar result for thB2 Fe\V(001) surface. The
(2.22up), whereas Co has a reduced value of @87n  induced magnetic polarization on the V atoms at the Fe-V
comparison with that for bulk Co (1.7&). It is also less interface was reported in numerous experimental and theo-
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S ence of different atoms in the layer, and to the smaller dis-
_ 4 '_|4 tance between atoms within one layer invié(110). Note
g 2 §2 that the (110 surface is the most close packed in the bcc
80 80 structure. The coordination number of the nearest neighbors
% 4 > 4 8-1 is 6 (it is 8 in the bulk. As in TiMe(001) surfaces, thie
82 82 states change more in the surface layer than those of Ti. The
8 0 8 0 v congruence of the maxima of Fe and Ti differences between
Py P c surface and subsurface LDOS indicates the strong hybridiza-
@4 4 . T
= 1 > tion of the surface states. In general, the surface ES has simi-
I R W, 0N lar features to those in the bulk. Basically a redistribution of
0 dimnt T % 0 Gl LS ] . . . .
4 20 2 4 %6 a4 20 2 46 the states |r_1tqd s_ubbands is happening. Moreover, there is
no large splitting into subbands connectedfpande, sym-
E [eV] E [eV] . > 9
metry in the surface layer, as is in the bulk.
FIG. 5. Total and local DOS for five-layer TiFe and TiCHL0) The Fermi level shifts in the region of the “bonding”
films. states in TiFEL10, whereas it lies in the deep minimum

between two main DOS peaks for the bulk alloy. The density
retical investigations als&:?®?°In the present paper the val- Of states at the Fermi leveN(Eg)=2.27 states/eV/cdllin-
ues of magnetic moments are given for nonrelaxed surface§’eases in comparison with the bulR.39 states/eV/call
Probably the strong relaxation of the interlayer spacing forThe situation is opposite for Ti€d10) film, where the Fermi
magnetic Fe/TiFe and Co/TiCo films will take place also aslevel lies in DOS minimum andN(Eg) is lowered in com-
in Ref. 23. It has a noticeable effect on the magnetic moParison with bulk. A significant increase ®(Eg) is ob-
ments and cannot be neglected. The calculations are beirigrved for TiIN(110 film. It is known that the relatively high
performed now and will be presented together with the reC emical activity of the transition metals and their alloys is
sults of the hydrogen adsorbtion in these alloys in our forthcaused by a high DOS at the Fermi level and in its vicinity.
coming paper. As follows from the present results TiNi and TiFe differ
The values of the work function for magnetic Fe/TiFe andslightly from a typical 3l transition metal and their clean
ColTiCo systemg4.4 and 4.6 eYare less than obtained for surfaceq110 cannot be inert. In addition it should be noted
the nonmagnetic cas®.3 and 5.8 ey, The present results that the surface might strongly affect the phase transforma-
for theMe/T|Me(001) surface allow us to draw the conclu- tion in TiNi with respeCt to the martensitic transformation
sion that the magnetic order for the Fe- and Co-terminate@émperature.
T|Me(001) films is energetica”y favorable. The energy dif- The calculated values of the work function are 52, 51,
ferences between ferromagnetic and nonmagnetic configurdnd 4.9 eV for TiFe-TiCo-TiNi(110) surfaces, respectively.
tions equal to—0.86 and —0.64 eV is found for Fe/ The obtained values exceed the correspondingalues for
TiFe(001) and Co/TiC¢001) systems, respectively. clean TM surfaces. The similar behavior was noted for NiAl
(110 also® The ¢ values obtained for thel10) surface are
less than those for both terminations of tt@01) surface
C. (110 surface contrary to pure transition metals. The metal work function
The (110 surface ofB2 alloys has received greater atten- for the (110) is larger than that for thé001) surface.
tion in past studies, which mostly examined NFf&34 Our
calculation shows that a five-layer slab already reproduces
the surface and bulk region quite well. We would like to
emphasize that the surface effects are confined mainly to the We also studied the influence of a surface on the electron
surface layer in the case of ti@10) surface, and do not properties for the nonmagneticMie(001) system. The the-
spread into solidtop panel in Fig. b This is in consistent oretical x-ray spectra were calculated taking into account the
with the short screening length in transition metals. The in-matrix element, which were multiplied with a radial transi-
fluence of the surface decreases faster in(ii€) film be-  tion probability and the partial densities of states. They were
cause its interlayer spacing is greater than that in themeared with a spectrometer function of half width 0.6 eV.
TiMe(001) film (dy;5=v2dgo;). The DOS difference be- The lifetime broadening with a Lorentzian of half width 1 eV
tween surface and subsurface layers is enormous. The digras also applied to the curves. The calculated x-Kay
placement of the center of gravity of tdebands toward&g L-emission and absorption spectra foM@(001) film show
is less than that on th@01) surface. The decrease of chargeinsignificant change in comparison with the bulk spectra. For
observed in the surface layer of all investigated alloys isexample, the change of TiFe LDOS at the surface results in
mostly due tos and p electrons (102 electrons), whereas appearance of the finer structure near the Fermi level for both
the change in charge due dbelectrons is an order of mag- surface terminationg=ig. 6). The narrowing of thel band at
nitude less (10° electrons). Analysis of different charge the surface leads to decreasekgs,s line in all alloys con-
contributions (It,; and dey) indicates covalent binding at sidered. As the absorption spectrum reflects the states above
the (110 surface. The detailed analysis of the surface stateg, the difference in the splitting ad band intoey andt,
confirms this fact. The bond decreases insignificantly insubbands exhibits in the width of the selective line. This
comparison with bulk alloys, which is ascribed to the pres-feature is more pronounced for the Ti spectrum, which

D. Electron properties
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. the inset to Fig. )], which we could not obtain usin
T bulk | o, |Eeluih S Ebulk" electronicgstruc]ture for TiNi® The optical spectra fo?
the Me-terminated film are shifted towards- and they dif-
fer significantly from those for bulk alloys. Both theoretical
curves for TiF€001) reproduce the increase of E) near the

I [arb. units]

Kﬁf

"y

Ti subsurface K edge Fe subsurface K edge Fermi level, which is due to the shift &g from the dip in
/_/‘/ DOS in the surface calculatiomr(E) for Ti/TiFe(001) has
KB, K% no minimum between the peaks in the visible part of the
N N spectrum as in the bulk TiFe. The spectrum for the Fe- and
- Co-terminated(001) surface shows the fine structures ob-
Ti surface K edge Fe surface K edge

served in experimefitin the low-energy region. In general,
the influence of the surface is less pronounced in the case of
K% K@j( the Ti-terminated TiCo and TiN0O1) films but it is substan-
15 10 5 0 SE[V]-I5 -0 5 0 5E[V] tial for the Me-terminated films. In addition, the results ob-
tained for theMe-terminated films suggest that the fine
FIG. 6. Ti and FeK-emission and absorption spectra in the Structures in the optical conductivity curves in the low-
central, subsurface, and surface layers for Tig@l). The points energy region are mainly due to tivde contribution.
represent experimental data from Ref. 42.

Y
i

. . IV. SUMMARY
agrees well with LDOS of alloy. The emission and absorp-

tion spectra obtained for central layers of allMi@(001) We performed FLAPW calculations of electronic struc-
films agree quite well with those for bulk alloys and experi- tures for the(001) and(110) surfaces of the TiFe-TiCo-TiNi
mental onesFig. 6).*2 This fact confirms fast damping of the alloys and studied the change of the electron characteristics
surface perturbations into solid. Calculations of the electrorat the surface. Significant changes in the electronic structure
energy-loss spectrh,; as well as x-ray-absorption spectra near the Fermi level on botf0D01) and (110 surfaces are
showed an increase of absorption on the different surfases observed in all alloys investigated. In the case of TUP4)

the TiF€001) film in comparison with the bulk, whereas for surface the presence of the resonance surface states near the
the TiNi(001) and TiCd001) films the absorption increases Fermi level is found for both Ti- and Fe-terminated films.
only for the Ti-terminated film. This indicates that the TiF@01) surface possesses a high

The optical conductivity spectra@(E) for the TiMe(001)  reactivity. An investigation of the hydrogen adsorption in this
thin film are shown in Fig. 7. Only the interband contribution key material for hydrogen storage needs to be carried out for
to o(E) is given in Fig. 7. It is known that the effect of the both surface terminations. The increase of LDOS at the
intraband transition is significant up to 0.5 eV. Our calcula-Fermi level for the Ti-terminated Me(001) films can be an
tions for bulk alloys showed that the theoretical intrabandindication of the high reactivity of Ti atoms and can explain
curves have no fine structure. Besides, the intraband contrthe presence of the titanium oxide film on the surface for the
bution gives the rise ofr(E) for B2 bulk TiCo and TiNi in  TiNi-based alloys. The presence of the surface states near the
above mentioned region. The obtained optical spectra foFermi level can cause a reconstruction of the Ti-terminated
bulk TiMe alloys are in good agreement with (001 surface in these alloys. The electronic structure of the
experiment*>**Figure 7 shows thatr(E) obtained for the (110 surface has similar features as those in the bulk. A
Ti-terminated TiN{001) and TiCd001) are very close to the redistribution of the states intd subbands is generally ob-
theoreticalo(E) curves for bulk alloys. Moreover, they re- served on the surface for allNlie alloys. The result obtained
produce well the experimental pedka the infrared region for the TiFe and TiNj110 film predict their instability,
whereas the TiGd 10 film seems to be more stable in com-
parison with the bulk alloy.

The ferromagnetic order is observed in the case of the Fe
and Co top layer for the Me(001) surface. The Fe and Co
surface layers exhibit magnetic moments equal to 2.27 and
0.87ug, respectively but they diminish fast inside the films.

A small-induced polarization of the subsurface Ti atoms
(—0.41ug) occurs. The absence of the magnetism found for
the TiNi(001) surface reflects the physical reality. In general,
the ferromagnetically ordered systems are lower in energy
6 than the nonmagnetic ones.

The calculated. electron energy-loss spectra show the

FIG. 7. Optical conductivityo(E) of TiMe (001 thin films,  increase of the absorption on both surface terminations of the
whereMe=Fe, Co, Ni: curve 1 isr(E) for bulk B2 TiMe, curves  TiIF&(001) film, whereas in TiNi and TiCo the absorption
2 and 3 arer(E) for Ti- and Me-terminated82 TiMe (001), curve  increases only for the Ti-terminat¢@01) films. The calcu-

4 is the experiment from Refs. 3 and 43, curve 5 is the experimenfiations of the optical conductivity spectra show that the in-
from Ref. 44, respectively. fluence of the surface is less pronounced for the Ti-

o(E) [arb.units]
o(E) [arb.units]
o(B) [arb.units]

0 2 0 2

4 4
E [eV] E [eV] E [eV]
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terminated TMe(001) films but it is substantial for the oxide. The present result can be also the base for studying
M e-terminated films. Moreover, the obtained results suggeshitial oxidation of the Ti-terminated TiNDO1) surface.
that fine structures of the optical conductivity spectrum in the
low-energy region are basically due to thie contribution.
Our interpretation agrees quite well with a strong depen-
dence of the low-energy peaks on metal(E®) concentra- This work was partly supported by a collaborative pro-
tion observed in Ref. 43. We hope that the present paper wiljram between the Institute of Strength Physics and Materials
stimulate the experimental investigation of the optical prop-Science of RAS, Tomsk, Russia and the Basic Science Re-
erties for the transition-metal alloy thin films. search Institute, Pohang University of Science and Technol-
At the present time the nature of good biocompatibility of ogy, Republic of Korea. It was jointly funded by the KOSEF-
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