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We present the calculated electronic band structure of ideal Pt(100) and Pt(110) surface by using density functional theory and the empirical
tight—binding method. A detailed discussion of the surface— and resonance—states is given. It is shown that the calculated surface— and
resonance-states of ideal Pt(100) surfaces agree very well with the available experimental data. For Pt(110), some of the surface— and
resonance—states are characteristic of the low symmetry of the surface and are identified as being independent of surface reconstructior
effects. As in the previous paper, the density functional calculations were performed using the full potential linearized augmented plane wave
method, and the empirical calculations were performed using the tight—binding method and Surface Green’s Function Matching Method.
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Presentamos eBiculo de la estructura eledtrica de bandas de la superficie ideal del Pt(100) y Pt(110)alElio se realia utilizando la

teofia del funcional de la densidad y ebodo de enlace fuerte. Como resultado de nuesicuio presentamos una disaisidetallada de

los estados resonantes y los estados de superficie. Para la superficie ideal del Pt(100) mostramos que tanto los estados de superficie con
los estados resonantes concuerdan aceptablemente con datos experimentales. Para el caso de Pt(110) hallamos que los estados resonant
de superficie caractisticos de la dimensionalidad de la superficie, son independientes de la recobstyuseireproducen aceptablemente

en nuestro &lculo. Al igual que en el trabajo anterior, utilizamos la taeatel funcional de la densidad con ektndo de ondas planas
aumentadas, mientras que I@alos emfricos se han hecho utilizando eBtodo de enlace fuerte junto con eétmdo de empalme de las
funciones de Green.

Descriptores: CalculoAb initio; estados de superficie; estados resonanédsilos de enlace fuerte; superficies atieas.

PACS: 73.20.At; 71.15.Ap; 71.15.Mb

1. Introduction the electronic band structures of ideal Pt(100) and Pt(110)
surfaces are calculated using a DFT method, ETB calcula-

A detailed understanding of the surface electronic band strudions of the studied surfaces are also presented for compari-

ture is useful for predicting the equilibrium shape of a meso-SON- It was found that the two methods yield similar results.

scopic crystal and is important for understanding a wide va- The Pt(100) surface is usually studied in thex@l

riety of phenomena such as catalysis [1], surface reactivityand (5<1) phases. The unreconstructedx) phase is
growth, the creation of steps and kinks on surfaces, and phmetastable, whereas the reconstructed (6phase is ob-
ysisorption [2,3]. To obtain this detailed knowledge, experi-tained after the sample is annealed at 400 K [5-7]. In the
mental data can be complemented with calculations. Two pripresent work, the reported surface— and resonance—states of
mary type of calculations are used in practice. The first kindhe metastablél x 1) phase [5] are accurately reproduced.
includes empirical and semi—empirical calculations, of whichAlso, a controversial surface—state that was recently reported
the empirical tight—binding (ETB) method is one of the mostby Subararet al. [6], and that was not observed in previous
transparent and widely used methods. However, there ameports, is properly identified in our calculations.

also first—principle calculations. At present, first-principle |1 is established that the Pt(110) surface exhibits the so—
calculations from approximate methods such as density funcsgjeq (1 2) missing row reconstruction, whereas the ()
tional theory (DFT) are widely used, and their predictions are,nase js metastable [8-11]. In this work, however, the calcu-
widely accepted by the scientific community. lation was performed on an ideal Pt(110) surface. Although
In a previous paper we have discussed our calculations farve did not find experimental data related with this phase,
the Pt(111) surface [4]. In this work we present the continuafor completeness, we will discuss our results and will qual-
tion of our study of the Pt low—index surfaces. In this context,itatively compare them with previous experimental data on
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the (1x2) missing row phase [8,10]. The calculations revealand G.,.x = 14. The total energy of the Pt(100) surface

several surface— and resonance—states that are reported toviees minimized using a set of ¥&—points in the irreducible

a characteristic of the low symmetry of the surface. Theseortion of the BZ, equivalent to a (225x1) Monkhorst—

states are identified as being independent of surface recoRack [17] grid in the unit cell. For the Pt(110) surface, the

struction effects, and these facts support our proposal to contetal energy was minimized using a set of88points in the

pute the electronic band structure of this surface. irreducible portion of the BZ, equivalent to(22 x 16 x 1)
The rest of the paper is organized as follows: In Sec. 2Monkhorst—Pack [17] grid. Finally, the total energy was con-

the essentials of the calculation methods are given. Section\&rged with a resolution better than 0.0001 Ry.

contains our results, a detailed discussion of our findings is

given in Subsec. 3.2 and 3.3. A comparison of our result®.2. The empirical Tight—-Binding method

with the ETB calculations is also presented in these subsec- ] )
tions. Section 4 summarizes our work. The ETB calculations were done using the scheme proposed

by Slater—Koster [18] in conjunction with the Surface Green—

) Function—Matching (SFGM) method [20]. We use the ETB

2. Computational methods method with a minimal orthogonal basis of nine atomic or-

bitals, sp®d®, per atom in the unit cell and in the approach
we have included first nearest and next nearest neighbors.

The DFT calculations were performed using the full potentiaIThe parameters of the model are those used by Papaconstan

linearized augmented plane wave method (FLAPW) metho&OpOUIOS’ as itis known that these parameters properly repro-
as implemented in the Wien2k code [12]. In this method,duce th_e bulk electrqnic properties of Pt when used_ in DFT
the wave functions, the charge density, and the potentia(fak;u'a'[Ions [19]. _Smce the SGFM method takes into ac-
are expanded in spherical harmonics within non—overlapping‘oum the perturbation caused by the surface exactly, at least

2.1. The FLAPW Method

muffin—tin spheres, and plane waves are used in the remair)- principle, we can use the bulk tight—binding. parameters
ing interstitial region of the unit cell. In the code, the core TBP) [20]. This does not mean that we are using the same

and valence states are handled differently. Core states a}r P for the sErfacehar;]d the brl:.lk' Tper:r d(lsffererzc? IS ‘?"‘e”
treated with a multi—configuration relativistic Dirac—Fock ap- Into account through the matching of the Green's functions.

proach, whereas valence states are treated with a scalar re}ge used the method in the form cast by Gardoliner and

tivistic approach. The exchange—correlation energy was cal\—/e'aSCO [20]. They make use of the transfer matrix approach

culated using the local-spin—density approximation (LSDA)ErSt introduced b)]: FI%HCOV ar;]d YHQLIJ(rIain [21]. This alpprgﬁch
because the LSDA works better than the alternative gradient—;?cl_"’,‘rne veSry usr:e u Iueztg t E q”wc. y cc;]nvergmg a'gorlt fms
generalized approximation (GGA) when computing severaf! LOP€z—Sanchet al. [22]. Following the suggestions o

properties of metal surfaces [3,13]. In the calculations, a Stectgese authors, the algorithms for all transfer matrices needed

analysis was carefully performed to ensure the convergen deal with t.hese systems can be found in a straightfor-
ward way. This method has been employed successfully for

of the total energy in terms of the variational cutoff—energythe study of the electronic properties of semiconductor sur
arameter. At the same time, an appropriate sét-@bints " i
P bprop Laces [23,24] and transition metals [25-28].

was used to compute the total energy. The atomic electroni wh » is introduced 4 thus th b

configuration of Pt used in the calculations was as follows: en a surtace Is Introduced, an _t, us the system e
[Xe] 414, 54°, 6s'. Thebp orbitals were included by using comes semi—infinite, the boundary conditions require that the
the local orbital extension of the ELAPW method [12] wave function vanishes at the surface. These new boundary

conditions modify the energy spectrum and cause the occur-

By computing the total energy of a primitive cell as a ; tat Th tat ist onlv in the f
function of the volume and fitting the data to the third order'€NCE OF NEW Stales. These new stales exist only In e Tew
atomic layers close to the surface atomic layer. The wave

Birch—Murnaghan [14] equation of state, the lattice param—f " ¢ th tates d tially f i
eter atheo=3.9176 A, the bulk modulusB=323.5510 GPa, unction ot these stales decays exponentially from the sur-

and the pressure derivative of the bulk modiiie=4.8226 face into the bulk. All these effects, that are a consequence of

for the primitive face—centered cubic (fcc) Pt lattice werethe introduction of a surface into an infinite periodic medium,
found (the GGA—calculated value for the bulk modulus 2" be better described within the surface Green’s function

and its pressure derivative werB=263.7040 GPa and formahgm. . : .
B’=5.9372, respectively, and the calculated lattice param- We |_ntrodu_ce .the surface Green's functions by using the
eter wasz=3.9883 A, whereas the experimental value of the known tight-binding formulae [20]:
lattice parameter i8¢, =3.9231 A [15], and that of the bulk
modulus isB = 278 GPa [16]).

To minimize the total energy of the Pt(100) surface, a su- Ggl =G - HyoT )
percell with 15—atomic layers and 9—vacuum layers was used,
whereas a supercell of 21-atomic layers and 13-vacuum laywhere G ! (Gb‘l) is the surface (bulk) projected Green's
ers was used for the Pt(110) surface. The variational paranunction, and Hyy, Hpi, and Hyy are the surface tight—
eters used for the two studied surfaces WB(g,.x = 9 Ry binding Hamiltonians, an@’ andT are the transfer matrices.

G;' = (el — Hy) — HnT (1)

Rev. Mex. Fis58 (2012) 46-54



48 H.J. HERRERA-SWBREZ, A. RUBIO-PONCE AND D. OLGUN

The way in which the tight-binding Hamiltonians and the 25
SGFM method are related is described in detail in Refs. 20,
23, 24, and 29. From the knowledge of the Green’s function,
the surface states and the resonance states can be calculat I
from the poles of the real part of the corresponding Green’s — 1.0

function. I
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3. Results and discussion

DOS (states/eV

2.0

3.1. Density of states 15

As in the Pt(111) [4] case, and to check the accuracy of the
electronic properties calculated from the supercell approach, I
the calculated bulk density of states (DOS) is compared with ool
the DOS projected onto the central atomic layers of the dif-
ferent supercells. It should be noted that, in this approach, ) ]
the DOS projected onto the central atomic layer must be simt'GURE 1. (Color online) Calculated DOS of the different Pt-

ilar to the calculated bulk DOS. Figure 1 shows that this iss_urfaces studied in this work. The bulk DOS is presented as a black
the case. In the figure, the calculated bulk DOS is shown aIlne, the DOS projected onto the central atomic layer is presented

o i s ared line, and the DOS projected on the surface atomic layer is
a solid line, the calculated DOS projected onto the centra, gsented as a blue line. For comparison, the partid@ldtentri-

atomic layer is presented as a dotted line, and the calculatggion to the DOS is also presented as a green line (upper panel).
DOS projected onto the outer atomic layer is presented as #he inset in each panel shows the comparison of the bulk DOS
broken line. In the upper panel, the partial bulk—-DOS due tacalculated using the FLAPW (black line) method and the bulk pro-
the Pt-5d orbitals is also shown. The figure shows that in thejected DOS calculated using the SGFM—ETB (red line) method.
energy range from approximately —7.0 eV to 0.5 eV, the main
contribution to the bulk DOS is obtained from the ff-elec-  €ach figure. As can be observed the calculated DOS using
trons. This symmetry composition will be reflected on theboth methods are quite similar, mainly for energies below
symmetry of the obtained surface electronic band structurefr. From these facts, it will be shown that the found surface
as we will show later. The upper panel shows the calculate@lectronic band structure is also quite similar in both calcula-
DOS of Pt(100) and the lower panel shows the results fotions.
Pt(110). In the figures, the zero of the energy axis represents In the rest of the section, the surface— and resonance—
the Fermi level Ex). The figure shows that below, the  states found in our study will be discussed. First, the DFT
DOS projected onto the central layer (broken line) properlycalculations will be shown, then the calculated states of each
reproduces the main features of the bulk DOS (solid line) foistudied surface will be shown and compared with experimen-
each studied surface. The bulk DOS exhibits four main peaktal data. Finally, the ETB calculations, the DFT calculations,
that are accurately reproduced by the DOS projected onto thand the experimental data will be compared.
central atomic layer. The same is true for the width and en- We have calculated the electronic band structure of ideal
ergy of the main peak. The small observed differences arsurfaces. The surface—states (SSs) and the resonance—states
related to the shape of the main peaks. Abd@yg Fig. 1  (RSs) are electronic states found at the surfaces of the mate-
shows that the DOS projected onto the central layer properlyials. These states are characterized by energy bands that are
reproduces the bulk DOS up to 6.0 eV, at which point someaiot degenerate with the bulk energy bands. These states only
differences between the two calculations were observed. exist in the forbidden energy gaps. At energies for which
On the other hand, it is clear from Fig. 1 that the cal-the surface and bulk states are degeneriage (here the
culated DOS projected onto the outer atomic layer is sigsurface states and the bulk states mix), a surface resonance
nificantly different from the bulk DOS. There are important forms. Such states can propagate into the bulk, similar to
features obtained from the projected surface DOS; these fe®#loch waves, and can retain enhanced amplitudes near the
tures were obtained below and abak/g but were not ob- surface.
tained for the bulk DOS. Information about the surface—and The calculated SSs and RSs, as well as the projected bulk
resonance—states will be found from these differences. Belowands (pbbs) of the studied surfaces, are shown in Figs. 2
Er, resonance—states are expected to be obtained, mainly bead 3. The results shown in these figures should be inter-
cause these energies represent the continuum of the projectprbted as follows: The pbbs are a fingerprint of each sur-
bulk bands, and few energy gaps exist at these energy valace and are represented by small black dots. In principle,
ues. The surface—states will be obtained abbyebecause these pbbs should be a continuum for a enormous supercell
energy gaps are more frequently observed at these energiegi.e., a semi—infinite medium); however, because of the finite
The comparison of the calculated bulk DOS using thesize of the employed supercell, a series of dotted lines “repre-
ETB-SGFM and the DFT methods is shown in the inset ofsenting” the continuum is observed. In the figures, red points

Energy (eV)

Rev. Mex. Fis58 (2012) 46-54



ELECTRONIC BAND STRUCTURE OF PLATINUM LOW-INDEX SURFACES: Aldb initio AND TIGHT-BINDING STUDY. Il 49

10 R——
Pt(100) BiH

to be discontinuous in its trajectory, this could be a conse-
quence of the numerical accuracy; the state should be a single
band crossing the entire SBZ. A similar pattern was obtained
for the Pt(111) surface [4]. The wavefunction composition of
this RS has thd, 22, d,. symmetry.

Similar comments are appropriate for the RS that begins
at-2.1 eV inthd — X interval and seems to continue through
_ the X—point before going through th&/—point and mixing
T with the previously discussed RS. This state finally ends at

NS=22 the T'—point once again. Although it is difficult to establish
T LT e a unique pattern for these RSs, it could be possible that they
-6 FEERHTT = NSt represent one band that crosses the entire SBZ. The wave-
8 i function compositions found for these RSs dye, d.2, dzy.
At M, a lower RS with a parabolic shape as a function
T I i © of k;, was found. This state begins near the local gap lo-
cated between -4.0 and -5.0 eV and ends in the middle of the
M — T interval. The wavefunction composition of this RS is
FIGURE 2. (Color online) Projected bulk bands of Pt(100). Black s, dy2yy2.
dots represent the DFT calculated pbbs. Red dots representthe SSs Near F» at the M point, a surface state with a negative
or the RSs if the states are located in a local energy gap or in thgyrvature is observed. The state goes into the local gap above
continuum bulk bands, respectively. The blue dots represent theEF with a bandwidth of approximately 1.1 eV. The calcu-

pbbs calculated by the ETB method, and the SSs and RSs are reRated wavefunction composition of this SSs: ;2.
resented by green dots. v

Energy (eV)

i
y |
Filiw.) L

Wave vector (k")

represent the SSs and RSs. Some local energy gaps can %gl Comparison with experiment

observed in the pbbs. The SSs are expected in these 106gljs \yell known that Pt(100) exhibits both the unrecon-
gaps, whereas the RSs must be observed in the continuum Qlfructed(l x 1) surface and the reconstructés x 1) sur-

the pbbs. face [5-7]. However, the ideal surface was studied in this
work, and the results will be compared with experimental
3.2. Platinum(100) data found for the (% 1) phase.
Using angle-resolved photoemission spectroscopy
Figure 2 shows the calculated DFT pbbs as well as the SSstampfiet al. [5] reported the SSs of Pt(L00X1) at en-
and RSs for Pt(100). Table | shows the wavefunction compoergies belowE,. These authors present a rich number of
sitions of the different SSs and RSs. SSsalong thé/ — T’ — X interval for the(1 x 1) phase (see
For this surface, at th& point, an SS was found approx- Fig. 2 in Ref. 5). Although these states are not discussed in
imately 4.3 eV abovelr. An RS was also found at th&/  detail in Ref. 5, it will be shown that the general shape of the
point at energies that range from 9.0 eV to 10.0 eV, as seen ifeported states is reproduced accurately in the present work.
Fig. 2. These states are supported by the calculated DOS pro- As was reported by Stampét al. [5], there is an RS
jected onto the surface as noted in Fig. 1. According to theyearE - for the M — T interval that follows the border of the
DFT calculations, the wavefunctions of these states have thg.. The state shows almost zero dispersion as a function of
symmetries of the, d, > andd,,, orbitals, respectively. k|, (see Fig. 2 in Ref. 5). The DFT calculations found a state
However, as can be observed in Fig. 2, a number of SSaround thel/ point located mainly in the local gap just above
and RSs were obtained at energies beloyw Accordingto  Ep, and this state could be identified with the experimental
the convention for a resonance state given above, an RS wasge.
obtained at lower energies, approximately -6.4 eV below There are two RSs reported at -0.6 and -0.9 eV atlthe
The state seems to begin at the— I" interval, continues to  point. These states are dispersed throughout nearly the en-
the ' — X interval, and then goes to an SS located in thetire M/ — T' — X interval (see Fig. 2 in Ref. 5). The energy
lower local gap at{. The state shows little dispersion as a dispersion of these states is worth noting and is reproduced
function ofk;;. The wavefunction composition of this state properly in the DFT calculations (see Fig. 2). As mentioned
has thes, d,,» symmetry. above, these states show quasi—oscillatory behavior in this
An RS was obtained at energies of approximately -3.6 e\portion of the SBZ. A similar pattern can also be observed
in thel — X interval and seems to have an oscillatory shapefrom the calculated bands shown in Fig. 2(b) in Ref. 5.
That is, the state seems to extend throughout the surface Stampflet al. [5] reported another RS at low energies
Brillouin zone (SBZ), crossing th& —point at -3.6 eV, then around -5.5 eV at th&/ point. This state is reproduced accu-
crossing the\/—point at -0.2 eV, and finally ending at -3.6 eV rately in the DFT calculation as discussed above (see Fig. 2
in the middle of thel/ — T interval. Although the state seems and Table I).

Rev. Mex. Fis58 (2012) 46-54



50 H.J. HERRERA-SWBREZ, A. RUBIO-PONCE AND D. OLGUN

TABLE |. Calculated energy values and wave function compositions of the different surface states found for Pt(100). The calculated ETB

wave functions are also given for comparison. For details, see the discussion in the text.

Point State Energy value (eV) Wave function
Experiment Calculated FLAPW ETB

SS 5.5[7] 4.3 — S, Dz

I RS 0.6 [7]
RS -0.3[5] 0.0 dozydy2, day dy2 2
RS —6.5[5] -6.4 5,dy2 1,2 Aoy, ds,2_p2
SS 4.3 EN R S, day
SS 2.1 — Dy Py

e RS 0.0 dyz,d,2 —
RS -2.5[5] -2.3 dey,dez —
RS —4.0 [6] -3.6 A2 g2, das d
SS -5.0 -5.5 EN R S, day
RS 9.0-10.0 day —
SS ~ 0.0 [5] 1.1 dy2py2 —

M RS —-0.6 [5] 0.4 — Ay
RS -0.9[5] -0.6 d,2 —
RS -1.7 — dsy2_2
RS -5.5[5] -5.2 5,d,2 1,2 —

“Value calculated by Benegt al. [30].

Near theX point, an RS that reaches tfi point was an SS in the local gap abovér, located at 5.5 eV, which
found around -2.3 eV. This state seems to be related to theas labeledS; in Fig. 3 of Ref. 7. They also report a state
state around —2.5 eV reported by Stangtfal. [5]. at 0.6 eV aboverr that seems to be an RS, the state labeled

Then, using ang]e_reso|ved photoemission Spectroscopgl in Flg 3 of Ref. 7. The authors also report a state labeled
Subararet al. [6] reported a flat band around —4.0 eV at the D. Drubeet al. [7] mentioned that they did not find an ex-
X point, which differs from the experimental data reportedplanation for this state. A state labelétd, which exhibited
in Ref. 5. It was speculated that this band represents emigignificant dispersion, was also reported. Although this state
sion from the surface layer or that it arises from absorbatés found nearly inside the bulk bands, there is a portion of the
atoms [6]. As was shown above, our calculations found arstate that penetrates into the local gap neardhgoint.

RS around -3.6 eV that accurately reproduces the dispersion Discussion of these states and comparison with our DFT
and shape of the state reported by Subataal. [6]. Aswas  calculations is left for the next section, where the ETB results
mentioned there, this state seems to be part of a continuoiigr the Pt(100) surface will be presented.

band that crosses the entire SBZ (see Fig. 2 and Table I).

Stampflet al. [5] reported another RS at energies around3-2-2-  Tight=Binding Calculations

;S): :;/;:‘ljzfziopnog]fi' Tgr']sd S;:tzgﬁgl)b:; dp:tr)z?/g“%j;sgiqz Figure 2 shows the calculated pbbs, SSs, and RSs for Pt(100)
calculations properly uéproduce this state ' using the FLAPW method and compares them with those ob-
' tained using the ETB method. Table | shows the wavefunc-

_ Stampflet al. [S] reported an RS around -0.3 eV at the (i compositions of the different SSs and RSs. As was found
I" point, and this state is also reproduced in the DFT calculay, ¢ previous work for the Pt(111) case [4], the ETB calcu-
tions. Although we have found that this state is located at theyiion properly reproduces the pbbs, SSs, and RSs that were
maximum of the valence band (see Table I). found in the DFT calculations. A few discrepancies are ob-

Itis well known that it is difficult to reproduce experimen- served and will be discussed below. The observed differences
tal measurements individually. However, the accuracy of ouinclude the fact that the ETB calculations do not find the same
calculated SSs and RSs in comparison with those reported lyumber of states that were found in the DFT calculations.
Stampflet al. [5] for the Pt(100) surface is worth noting. Figure 2 shows that the local energy gaps found in the

In an early experimental work Drubet al. [7] used ETB calculations are identical to those calculated using DFT.
angle—dependent inverse photoemission, to measure the SEBere importantly, the dispersion of the SSs in the local gaps
of Pt(100)(1x 1) at energies abovEr. The energy band dis- found by the ETB calculations is almost the same as those
persion was found in thE — X interval. The authors found found by the DFT calculations.
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However, the ETB calculations predict an SS located in 10 E
the local gap abov& at thel point that seems to be related 8 ki
to the stateS; reported by Drubest al. [7]. The state was
not found in the DFT calculations. This SS was reported at
approximately 5.5 eV, and in our ETB calculation the state
was found at 4.3 eV. The state increases in energy to approx:
imately 6.0 eV and seems to mix with the bulk bands. The
calculated ETB wavefunction composition of this state ex-
hibits s, p, symmetry (see Table I).

Another SS was found in the ETB calculations but not in
the DFT calculation. The state exhibits significant dispersion
as a function ok, it is located at approximately 2.1 eV in
the local gap around th& point, and disperses following the
lower edge of the local gap. The calculated ETB wavefunc-
tion composition of this state has the, p, symmetry (see
Table I). Wavevector (k)

An SS following the upper edge of the local gapxatvas

. FIGURE 3. (Color online) Projected bulk bands of Pt(110). The
found at approximately 4.3 eV. It was found that both C‘EllClJl""l'black dots represent the DFT calculated pbbs. Red dots represent

tions predict this state, but no experimental evidence for thisssg or Rss if the states are located in a local energy gap or in the

state was found. continuum bulk bands, respectively. The blue dots represent the
At energies belowFr, the ETB calculation properly re- pbbs calculated using the ETB method, and the SSs and RSs are

produces most of the SSs and RSs found in the DFT calculaepresented by green dots.

tions, as it is shown in Fig. 2. In some cases, there are some _

small numerical differences in the calculated energy values An SS was obtained in the local gap at figoint. This

of these states, but in general, most of the features found iptate exhibits little dispersion as a functionlgf. The state

the DFT calculation were also found in the ETB calculation. IS located at approximately 2.1 eV, and the calculated wave-
The ETB calculations also reproduce most of the experifunction composition of this state isd.2 12, ds-

mental data reported by Stamgflal. [5] (see Table I). These As for the previous surface, a number of RSs were found

facts demonstrate the predictive power of the ETB method. &t energies belowt» and are shown in Fig. 3. The main
characteristics of these states are as follows:

) A noticeable SS was found at low energies, approxi-
3.3. Platinum(110) mately -5.9 eV in the — T interval. The state begins in

. the lower local gap at” and then continues into the contin-
Figure 3 shows the calculated pbbs, SSs, and RSs for Pt(11Q),m of the pbbs in th& — T interval. The wavefunction
Table Il shows the calculated wavefunction compositions Ofcomposition of this state i§ d,z 2

the different SSs and RSs of this surface. Similarly, a series of RSs were found né& in theY —T'

As in a previous case, the figure shows the pbbs as smafhterval located at energies that range from 0.0 to —3.0 eV.
black dots, and the SSs and RSs are shown as red dots. THge states then go through the- X interval.
figure shows four local gaps abo¥-, and three local gaps At energies neaE, around 0.1 eV at th8 point, an RS
are found at energies belas-. was found that follows the dispersion of the upper pbbs. This

From our calculations, three SSs abdve were found.  state extends from the middle of the— S through theS — Y’

An SSis found in the local gap at thé point around 5.3 €V. intervals. This state is a hybridization of tRed,> 2, d,,

This state exhibits nearly parabolic behavior as a function oprpitals.

k|, and its energy bandwidth is approximately 1.0 eV. The A series of RSs were found at tHé point. There is one
state mixes with a calculated RS obtained at$hepointat RS around —0.7 eV that seems to be part of the states com-
approximately 6.2 eV. The wavefunction of this SSkags.  ing from thel' — X interval and going to thé& point and
symmetry. then to theY point. The wavefunction composition of this

Another SS was located near the bottom of this local gapstate iss, d, ., d.>. Another RS is located around -2.1 eV. An
This state is located at 2.4 eV and extends a fewalues RS located at approximately -4.2 eV was also found. The
from the X point. The computed wavefunction composition wavefunction compositions of these states primarily have the
of this state iss, d,24 2, dy.. symmetries of thel,., ands, d,,, orbitals, respectively.

Near theX point, there is an RS that should be noted. A local gap at —0.5 eV is observed at tRepoint, and an
This state shows peculiar behavior as a functiokgf The  SS is located there. The wavefunction composition of this
state seems to originate in the group of RSs located in thstate is primarilyd, .. The already mentioned SS at 1.4 eV
energy range from 0 to 1.0 eV beld# and exhibits signif- was also found at this point and its wavefunction composi-
icant energy dispersion following the edge of the local gap. tion is d,.., d,-. Other RS with a parabolic shape is located

Energy (eV)
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TABLE |l. Calculated energy values and wave function compositions of the different surface states for Pt(110). For comparison, the calculated
ETB wave functions are also given. For details, see the discussion in the text.

Point State Energy value (eV) Wave function
Experiment Calculated FLAPW ETB

SS 6.9 — S, Day Py
RS 5.0[8]

T RS 3.0[8]
RS 0.4[8]
RS 0——1.2 dyz,d,2 —
RS -17 — dyz,dy2 2
SS 6.2 — S, Pz
SS 6.0 [8] 5.3 5, Pz —
SS 3.6 — Dar

b SS 2.4 S,dy24 02 4, . —
RS -0.7 S, duy, d 2 —
RS 2.1 dz- —
RS -4.2 S, dzy —
RS 5.7 — Das Ay, dyz
RS 45 — d
RS ~ 0.0[10] 0.1 8ydy2 4 y2, day —
SS -0.5 dy —

3 Ss -1.4 dez,d 2 —
RS -2.2 dy2 g2 —
RS -4.0 day —
RS -4.5 5, day —
RS -5.2 — dz-
SS 5.1[8] 3.6 — S, Pz

v SS 1.3[8] 2.1 5,dy21 2, des Dy, dy=
RS -3.9 — dyzydy2y 2
RS -5.9 Sy dy2yy2 8Dz, dy24y2,dg,2 42

around -2.2 eV and has the wavefunction compositiorthe experimental results will be used as a guide to discuss our

dyu24,2. An RS around —4.0 eV was also found. The wave-calculations.

function composition of this state has tiig, symmetry. The In a recent inverse photoemission (IPE) spectroscopy ex-

final RS is located in thé&l — S interval around —4.5 eV. The periment, Memmeet al. [8,9] presented a series of SSs and

wavefunction of this state hasd,, symmetry. RSs for theX — T' — Y interval. It is interesting to note that

in the local gap at theé{ point, Memmelet al. [8] report an

SS at approximately 6.0 eV (label&( in Fig. 3 of Ref. 8),

which is found to be a one—dimensional state. This result

For energies abovBr, experimental reports of the electronic means that the state is insensitive to thex 2) missing row

band structure of this surface can be found [8,9]. To oureconstruction [8,9]. The one—dimensional character of this

knowledge, however, no studies of the electronic band strucstate is the reason that our calculations accurately reproduce

ture for this surface at energies beld# have been pub- this state. However, the calculated SS shows more dispersion

lished. than the measured state, and in our calculations the state is
Itis well established that Pt(110) exhibits a reconstructiorpredicted at 5.3 eV.

called(2 x 1) missing row [8-10]. Because an ideal surface  As mentioned above, a lower local gap was also calcu-

calculation was performed here, it is not possible to comparéated atX. The calculations predict that this lower local gap

guantitatively the results with the measured values. Howevehas an energy width of almost 1.5 eV, whereas the experi-

3.3.1. Comparison with experiment
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mental study reports a gap with an energy width of almostulated pbbs are similar in both methods. For details, see the
1.0eV. figure caption.

At the same time, the calculations predict an RS that ex- At energies abové’r, a series of SSs were found, and
hibits significant dispersion along the edge of the lower locaWwill be discussed in detail in the rest of the section. As men-
gap, whereas the experimental study presents an RS followioned above, an SS around 5.3 eV was found at¥haoint
ing the edge of the upper local gap. in the DFT calculation. In the ETB calculation, however, an

In the local gap at th&” point, Memmelet al. [8] report ~ SS with a quasi-linear shape as a functiorkpfwas found
an SS at an energy of 1.3 eV along with other weak featurest approximately 6.2 eV. Although this SS has different en-
that should be identified with umklapp processes fromithe ergies in the two calculations, the wavefunction symmetries
point [8]. The DFT calculations found an SS near the lowerfound by the two methods are the same (see Table Il). The
edge of this local gap, at approximately 2.1 eV. state also shows the trend reported by Memetell. [8] for

At the upper energies, Memmel al. [8] report a flat SS  the Sy state.
at5.1eV, Iabelecﬂgr in Fig. 3 of Ref. 8. However, the DFT Th(_a ETB calculation predicts a second SS around 3.6 eV
calculations do not reproduce this state. at theX point near the lower edge of the local gap. This state

Just aboveEr in the rest of the SBZ, Memmett al.[8]  differs in its energy, although not in its shape, from the state
report several states mixed with the pbbs. The flat state 4pund at 2.4 eV in the DFT calculation. The wavefunction
ErintheX — ' —Y interval, which should represent an RS, composition of this state shows the symmetry. _
should be noted. There is also a state labéletthat shows The ETB calculation predicts an RS at approximately
a negative slope centered@taround 3.0 eV. Finally, there 4.5 €V near the5 point. The wavefunction composition of
are a series of states around 1.0 e\"'ashown in Fig. 3 of this state has the full symmetry. The ETB calculation shows
Ref. 8, as well as a state label&d around 5.0 eV aF. that an RS was found in the upper energies around the local

The DFT calculations do not reproduce these states in de3ap at theS point, around 9.5 eV. However, no experimental
tail. However, a series of states was found néarthat show  €vidence for this state was found. The same is true of the SS
little dispersion as functions @, and covered th€Y inter- ~ calculated using the FLAPW method, which was located in
val (see also the above discussion related to Fig. 3). the upper local gap near tiepoint at approximately 9.0 eV.

As discussed above, a number of SSs and RSs were found TWO SSs were found in the local gap around theoint.
at energies belowZr. However, because we did not find The lower state follows the dispersion found in the DFT cal-
enough experimental data in this energy region, we only comculation, and the state extends over the entire local gap. The
ment on our results for the RS neBy at the.S point, and ETB calculation predicts an upper SS around 3.6 eV that was
further commentaries on the rest of the states will be omitted?°t found in the DFT calculation. This state could be related

The RS at 0.0 eV around tH&point was previously dis- to the state re'ported by Memrmai al. [8] 'at' these energies.
cussed by Menzedt al. [10]. These authors mentioned that 10 SUPPOrt this speculation, however, it is necessary to as-
this state is observed in clean Pt(110) surfaces as well as f/Me that this SS is independent of the missing row recon-
the Br/Pt(110)-¢(2 x 2) system. In a related work, Minca struction. The wavefunction composition of these states has
et al. [11] also discuss an RS at tHé point. The authors thes,p- andp,, d,. symmetry, respectively. .
mention that this state appears because the bulk energy bands At €nergies belowtr, the calculatgd SSsin the main lo-
present a flat band along the WLW line just bel@w. This cal gaps were accurately reproduced in both calculations. For
band creates a van Hove singularity/a¢. The bulk band, €Xample, the ETB calculation found an SS around -0.5 eV
when projected onto th& point of the (110) SBZ, is the ori- I the local gap_at the' point with notlceab_le dispersion,
gin of the observed resonance state. The results obtained f§ agreement with the state calculated using the FLAPW
the ideal Pt(110) surface show that the RS at$heointis ~ Method. _

a characteristic of this surface and is independent of the re- In the lower local gap at’, the SS found around -6.2 eV
construction. Similar observations were noted for the onen the ETB calculation exhibits nearly the same dispersion as

dimensional SS at th& point aboveEy, as described by the state found at -5.9 eV using the FLAPW method.
Memmelet al. [8]. On the other hand, Fig. 3 shows that a number of RSs

were obtained from the ETB calculations. However, most

of these RSs do not match any states calculated using the
3.3.2. Tight-Binding Calculation FLAPW method. In this case, the two calculations provide

us with different series of RSs, contrary to what was obtained
Figure 3 shows the pbbs, SSs, and RSs for the Pt(110) idefdr the Pt(100) surface (see Fig. 2). A possible explanation
surface found using the ETB method. In the figure, the bluef these results could be the need to include reconstruction
(black) dots represent the pbbs calculated using the ETRffects in the calculations.
(FLAPW) method, while the green (red) dots represent the Finally, for the aboveE'r energies, when compared with
SSs and RSs calculated using the ETB (FLAPW) methodthe experimental data the ETB calculation properly predicts
There are small differences at the edges of the calculated ldhe SSs found in the local gaps. Because the calculations in
cal gaps abové’r, however, at energies belol the cal-  this work were done for an ideal surface, some differences
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in the energies values were observed. Nevertheless, thetiee pbbs, SSs, and RSs for ideal Pt(100) and Pt(110) sur-
findings demonstrate the predictive power of the ETB calcufaces. Comparisons with experimental data show that our
lations compared with the more computationally demandingalculations properly predict the SSs and RSs for Pt(100)
methods. In this sense, the two methods complement eacurfaces. Because the Pt(110) surface exhibits the so—called

other.

4.

—_

10.

11.

12.

13.

14.

15.

@

x1) missing row reconstruction that was not included in

our calculations, our results compare poorly with the SSs re-

Conclusions

ported for this surface. However, when the reported SSs are

independent of the reconstruction, we found that our calcula-
We have calculated the electronic band structure of platinurfions properly reproduce the experimental states. The results
low—index surfaces. In our calculations, we used both DFTOf our calculations for ideal surfaces demonstrate the predic-
and empirical methods. From our calculations, we reportive power of the empirical method.
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