PHYSICAL REVIEW B 70, 125430(2004)

Electronic structures of tungsten surfaces and total-energy
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The surface densities of statgDOS and the total energy distributioi$ED) of the field emission current
from low-index tungsten-vacuum interfaces are deduced fabrAmitio calculations of their electronic struc-
tures. While all of the components in a plane-wave expansion of the transverse wave function of an electron
state at the interface make an important contribution to the SDOS, the dominant contribution to the field
emission current comes from the zero-momentum component, whose size depends on the symmetry of the
electron state. Calculations of the TEDs in field emission from 10€), (110, and(111) surfaces of tungsten
are used to interpret features observed in the experimental TEDs and to extract information about the electronic
structures of the surfaces.
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[. INTRODUCTION Modinos and Nicolaott used a transfer Hamiltonian ap-
proach to calculate the field emission current from semi-
In a field emission experiment, a strong electric field isinfinite W(100) and W(110) crystals, assuming a lattice of
applied to the oriented single crystal that constitutes the tignuffin-tin potentials terminated abruptly at the surface. They
(the approximately hemispherical apex of radius approxifointed out that, for each electron state of the metal, only the
mately 0.1xm) of an etched wire sample that is welded to acomponent corresponding @=0 (where gs is a surface
wire loop and mounted in an ultra-high vacuum enclosurereciprocal lattice vectgrin a plane wave expansion of the
The tip is made atomically clean and annealed by passing #ansverse wave function at the surface contributes apprecia-
current through the loop to flash it to white heat. ElectronsPly to the tunneling current. o
field emitted from the desired facet of the tip are selected by Modinos? reported calculations of the TEDs in field
a probe hole, and the total energy distribut@eD) of the ~ €mission fromW(100 and W(110), based on Posternak’s
emission current is measured by means of an electron energ!-consistent potential, in which only the zero-momentum
analyzer. Field emission involves quantum mechanical tuncomponents of the transverse wave functions contribute to
neling through the potential barrier at the metal-vacuum in{h€ tunneling current. He noted that a feature corresponding
terface. The tunneling barrier selects strongly for electrons if® the Swanson hump in field emission frai{100) appears
states of small transverse momentum, so the emission curreffly in TEDs deduced from self-consistent potentials.
is dominated by electron states that are close to the symme- Plummeret al®1%**measured the enhancement factors in
= T field emission(defined as the ratio of the experimental TED
try pointI', which is the center of the surface Brillouin zone ' - -
(SB2). of the field emission current divided by the TED calculated

. - - in the free-electron approximatiprfor several low-index
While measurements of the TED in field emission €aNsrfaces of tungsten at 78 K. Subsequent measurefnaits

yield information about the occupied electron states at th - i
surfaces of metals, the interpretation of the data has been tl?\l%e enhancement factors in field emission frusd.00 and

subject of much discussion. In a pioneering calculation of the (111 at room Femperature were found to be in good_over—
field emission current fromAM(100), Penn and Plummér all agreement with the 78 K data. However, a calculation of

stated that the TED is a measure of the surface density c}Pe k-resolved SDOS fagled to predict correctly the relgnve
strengths of the experimentally-observed peaks of different

stateg SDOS in the vicinity of I". An experimental study of symmetries.
angle-resolved photoemission and field emission from ™ this paper we report revised experimental enhancement
W(100)? identified three bands of surface resonances belowsctors for field emission from\V(100) andW(111) at room

the Fermi level, but the accompanying non-self-consistenfemperature, involving improved corrections for the dead
calculation failed to account for the observed symmetry Ofime of the photomultiplier, as well as new results for field

3 o )

Fhe upper res_onanc(ehe Sw_anson hurr)pPoStt?male'E al, emission fromW(110 at room temperature. We describe
in a self-consistent calculation of the electronic structure of §,,\ standard techniques for calculating the electronic struc-
W(100 slab, were the first to observe a feature cormrespondgres of metals can be adapted to calculate the TED of the
ing to the Swanson hunpSubsequently, several WOrkers fia|q emission current at a low-index metal-vacuum inter-

have reported self-consistent electronic structure calculationg,ce The interface is represented by a supercell whose elec-
for W(100)5—7_and ngl_l)-g Features in the experimental yonic structure is calculated on the basis of density func-
TEDs of the field emission currént®have been interpreted tional theory (DFT) by the full-potential linearized

by comparing them with calculated surface densities of stateg gmented plane wawgP-LAPW) method. The contribu-
in the vicinity of I'. tion of each electron state to the TED is expressed as the
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product of a supply functionthe product of the zero- side of the interface plang> z,) the potential is assumed to
momentum component of the SDOS and the velocity withbe a superposition of the image potentiafH4(z-z,)] and
which the electron approaches the surface potential barriethe potential €F(z-z,) due to the applied electrostatic field
and the transmission coefficient of the surface potential barE, wheree is the magnitude of the electronic charge. The
rier. Because the higher momentugy# 0) componentsina image potential approximation fails at less than some mini-
plane wave expansion of the transverse wave function ar;um distancez: from the interface plane, so in the range
strongly attenuated by the surface potential barrier, thosg,<z<z. the potential is taken to be constant and equal to
electron states for which the zero-moment(gg=0) com-  the mean potential in the interface plaféy). Outside the
ponent of the transverse wave function is large make thenetal, therefore, the potential can be writtémcgs unit$ as
dominant contribution to the field emission current. It is

shown that the size of the zero-momentum component of the V(2)=Vs, forzy<z=z,

transverse wave function depends on the symmetry of the
electron state. The calculated TEDs are found to be in good

overall agreement with the experimental data. Significant V(@ = (B¢ + ®) €[4z~ 29)] - eFz-z), forz>z,

broadening of the experimental peaks relative to the calcu- (1)
lated peaks is consistent with lifetime broadening due to de-
fect scattering. whereEg is the Fermi energy an® is the work function of

This paper is organized as follows. In Sec. Il, we showthe emitting surface. The distaneg is chosen so that the
how the tetrahedron method for evaluating Brillouin zonepotential is a continuous function af Experimental studies
integrals in density of states calculations can be adapted tof field and photofield emission froM/(100* andW(111)'’
calculate the TED in field emission at a metal-vacuum interhave shown that the applied electric field is too weak to have
face, taking into account the normal velocities of the elec-a significant effect on the energies of surface states and sur-
trons at the surface potential barrier and including only theface resonances.
zero-momentum components of the transverse wave func- Kohn and Land® have shown, on the basis of jellium
tions. In Sec. lll, the TEDs in field emission from tfE00), calculations, that the electrical surface of a metal coincides
(110) and(111) surfaces of tungsten are calculated and usedvith the centroid of the charge induced by the external elec-
to interpret features observed in the experimental TEDs. Theic field, and they suggested that it also coincides with the
results and conclusions of this work are summarized in Sedmage plane. Forbé$,using an array model for the close-
IV. packed surfaces of various metals, demonstrated that in all

cases the electrical surface is located at approximately one

half of the nearest neighbor distance from the surface plane.

Il. THEORY AND COMPUTATIONAL DETAILS However, the array model cannot be used to make an accu-

rate determination of the electrical surface because, as
pointed out by Forbes, there is no realistic way to quantify

The metal-vacuum interface is described by a supercelihe uncertainties arising from the limitations of the model
containing 13 layers of tungsten atof@slayers for'W(110)], itself.
surrounded by an atom-free region of equal volume to rep- In the present calculations the interface plane was taken to
resent the vacuum. The electronic structure of the interface ise sufficiently far from the surface plane that the potential
calculated self-consistently by the FP-LAPW method usingdoes not vary greatly over the interface plane, but suffi-
WIEN2K.'® Exchange and correlation are treated in theciently close that all of the electronic states whose contribu-
generalized-gradient approximatio(GGA).1® Relativistic  tions to the emission current are to be calculated have posi-
corrections, including the spin-orbit interaction, are includedtive kinetic energies at the interface plane. We find that when
in the calculation. these two conditions are satisfied, the distance between the

In the FP-LAPW method, the metal is divided into a interface plane and the surface plane is approximately one
spherical regiorthat consists of nonintersecting spheres cenhalf of the nearest neighbor distance, so the interface plane is
tered on each atomic site, and the complemeritaterstitial ~ close to the electrical surface. Provided that the interface
region Inside the spherical region the wave functions areplane is close to the electrical surface, it is a feature of our
expanded as linear combinations of radial functions multi-model that the shape of the surface potential bafEer (1)],
plied by spherical harmonics, while in the interstitial regionand hence its transmission coefficient, is independent of the
they are expanded as linear combinations of plane waves. Whoice ofz,.
introduce two planes normal to the surface to characterize The wave function/(r) is separable in the regiar> z,.
the metal-vacuum interface. Therface planeg(z=zg) con-  While the translational symmetry of the normal wave func-
tains the centers of the atoms in the outer layer, and théon is broken at the interface plane, the translational sym-
interface plangz=z,) represents the electrical surface of themetry of the transverse wave function is preserved. In the
metal. region z,<z<z., the transverse wave function atcan be

On the metal side of the interface plafie<z)) the ap- expressed as a sum, over the surface reciprocal lattice vectors
plied electrostatic field is assumed to be fully screened ou@ls, of plane waves of the form ekitk,+gs) -1 ], wherek, is
by the valence electrons, so the potential is the selfthe transverse wave vector of the electron state. As the trans-
consistent potential of a half-plane of atoms. On the vacuunverse wave vectdk, and the total energl are conserved at

A. Zero-momentum component of the layer DOS
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the metal-vacuum interface, the normal kinetic energy of theand at high energy by an exponential decrease due to the
plane wave component eifk,+gs)-r] in the region Fermi-Dirac distribution function, resulting in a peak at the

7y<z<Zz: is given by Fermi energy. As a first step in analyzing experimental field
B ) ) emission data, it is convenient to remove the exponential
W=E - Vs=1i(k; + gs)7(2m), (2 energy dependencies below and ab&eby dividing the
whereVs is the mean potential in the interface plane. measured TEQ(E) by jo(E). The ratioj(E)/jo(E) is called
With increasing transverse momentuiky+gs), the trans-  the experimental enhancement factor
mission coefficient of the surface potential bariiw) de- We calculatedo(E) from!#20
creases exponentially. In the range of electrostatic fields used E
in a typical field emission experiment, the transmission co- io(E) =[me(27243)]F(E) [ dWD(W), (4)
efficient of the surface potential barrier W(100 for an Vs

electron state af(the point on the boundary of the SBZ . . .
| I i ller than that f | fth wherem is the free-electron mass,is the magnitude of the
closest tol) is smaller than that for an electron state of theg|gcronic charge and(E) is the Fermi-Dirac distribution

same energy df by a factor of 10'". It follows that the field  function. To determin®(W), the transmission coefficient of
emission current is dominated by the component in the plange surface potential barrier, the normal wave function cor-
wave expansion for whiclgs=0. Therefore, in calculating responding to normal energy was evaluated by integrating
the contribution of electron stateslgtto the field emission  the one-dimensional Schrodinger equation across the surface
current, it is an excellent approximation to neglect all of thepotential barriefEq. (1)] using an exact numerical technique
higher momentum componentgs# 0) and to include only  gue to Vigneron and Lambi#%23 The charge fluxes on the
the (gs=0) component! which we call thezero momentum  two sides of the barrier were calculated from the Wronskians
componentThis is the approximation on which the presentof the normal wave function, anbl(W) was evaluated from
work is based. the ratio of fluxes.

The transverse component ¢f(r) is of the Bloch form The WIEN2K programtetra calculates the surface density
with wave vectork, so in any transverse plane the function of states by dividing the Brillouin zone into a large number
#i(r) exp(—ik;-r) has the same periodicity as the lattice. Theof tetrahedra of equal volume and evaluating
zero momentum component @(r) in any given plane can
be calculated by integrating(r) exp(—ik,-r) over one lat- SDOSE) = >, >, SDOS,(E), (5)
tice cell within that plane. The fractional contribution of the ko ’
zero-momentum component @f(r) to the density of states

is therefore where the distribution SDQS(E) is the contribution of band

. i in tetrahedrork to the density of states in the surface layer
B ) for a single direction of electron spfi.In the K-SDOS ap-
Fe=| | erexp(-ik,.r)ds i) proximation the electron velocities are neglected and the
transmission coefficients of all plane wave components of
. * the transverse wave function are assumed to be equal. The
Xexp- ik r)ds} / [Sf ilr) "b"(r)ds}’ enhancement factor calculated in this approximation is called

. . ) the k-resolved surface density of states
where each of the integrals is evaluated over one lattice cell

(of areaS) within the plane. ) _ . .
The results of the present work are based on semirelativ- K-SDOSB) = % 2 SDOS"(E)D(W"")} / D(B).
istic calculations of the surface densities of states in which
the spin-orbit interaction is taken into account. However, 6)
spin-orbit wave functions are not currently obtainable fromk-SDOSE) was calculated using a modified versiontetra
WIEN2K, so we used non-spin-orbit wave functions to evalu-jn which, in the sum over tetrahedra and bands, SpES
ate thg zero-momentum f_ractioﬁ§ Sinc_e the QOminant fea- g replaced by SDOS(E)[D(W,.)/D(E)]. The normal Ki-
tures in the surface density of states, mclud_lng th_e ,S"Vansoﬂetic energyW, ; and the total energg, ; of bandi in tetra-
hump onW(100), appear even whe.n the.spln—orblt |nFeraC' hedronk were taken to be those of the electron state at the
tion is neglected, the use of non-spin-orbit wave functions tQentroid of the tetrahedron. In tHe-SDOS approximation,
evaluateF, is not expected to reduce significantly the accu-ie relationship betweerW,; and E,; in the region
racy of our final results. Zp<z< z: that applies f0|gS:d, WK’i:EK,;—VS—thf/(Zm),
is used for allgs. We evaluatedd(W, ;) from the normal
wave function of energyV, ; as described above.
In the present calculations of the TEDs of the field emis-
The TED j(E) is the derivative of the emission current sion current from low-index metal-vacuum interfaces, both
density with respect to total enerdy. The field emission the normal velocities of the electrons at the surface potential
TED calculated in the free-electron approximatigg{E), is  barrier and the attenuation of the higher-momentum compo-
dominated at low energy by an exponential decrease due twents of the transverse wave functions are taken into account.
the transmission coefficient of the surface potential barrierThe TEDs were calculated from

B. TED of the field emission current
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js(E) = 26f(E) 2 3 SDOS(E)F (v DW, ),  (7) "I w00

K |

where the factor of two takes into account the two directions 08
of electron spin. The zero-momentum contribution to the
SDOS in the interface plane is obtained by multiplying
SDOS;;(E), the density of states evaluated in the surface

plane, by L

FK,i = |:J lﬁk,i(r)exd_ ikH . r)dS:| |:f lﬂk,i(r)
xXexp(— ik . r)ds] / {Sf ¢K,i(r)*¢x,i(r)ds:|a
z (A)

where each of the integrals in the numerator is evaluated g 1. Fractional contribution of the zero-momentum compo-
pver one_' lattice celfof _areaS). within the interface planel, the ent of the transverse wave function of a single electron stdlfe at
integral in the denominator is evaluated over one lattice celr

o ) : o the density of states in the interface plane a@00-vacuum
within the surface plane, anﬂ,cyi(r) is the wave function of interface.F,, defined by Eq.3), is plotted as a function of the

the electron state in bandt the centroid of tetrahedron In - gistance between the surface plane and the assumed interface plane

practice, the integral in the denominator was estimated byor representative states of various symmetries\& #00)-vacuum

averaging [#,(r)* ¢,.i(r)ds over three equally-spaced interface.z, marks the location of the interface plane used in the

planes that span the surface layer. For the zero momentuptesent work.

components, the relationship between the normal enéfgy

and the total energyE,; in the region z,<z<z; is Ill. RESULTS AND DISCUSSION

W, =E,i—Vs—h2kZ/(2m). v,;=(2W,;/m)*? is the normal . .

velocity with which the electron approaches the surface po- A- Electron symmetry and the DOS in the interface plane

tential barrierD(W, ;) was evaluated from the normal wave  F, as defined by Eq23) is the zero-momentum fraction of

function of energyW, ; as described above. the contribution of the electron state of wave vedtdo the
The present calculations are based on supercells that adensity of states in the given plane. In Fig. 1 the zero-

curately model the surface layers of the metal but undermomentum fractionF, at W(100) is plotted, for electron

represent the bulk. Accordingly, the TED of the field emis- g tas of various symmetriesﬁt as a function of the dis-

sion current calculated from Eq7) is denotedis(E), where  (ance petween the surface layer and the assumed interface
the subscriptS denotes a surface contribution. In order t0 y3ne.

compare the calculated enhancement factors with the experi- The common feature of the electronic stated abhose
mental enhancement factoljg(E) was corrected by adding redominant svmmetries a and d2 is that in the
jo(E), the bulk contribution estimated from the free-electronP y %= Pz

del. Th d I t betw h i interface plane the zero-momentum fractions of their trans-
model. 1he good overall agreement between the preésent rgg, oo \yave functions are all close to one. This is illustrated
sults and experiment indicates that the free-electron mod

rovid tisfactor roximation to the bulk contrib % Fig. 1, where the rapid increase iy with distance shows
provides a satistactory approximation 1o the bulk co Uthat the higher momentum components of tikke state
tion; a more accurate treatment would require a full calcula

i f the TED in field emission _infinite latti decay over a distance of less than 1 A from the surface layer,
|or_1”(]) TED fItT’] |ef_ lgmls_sm_n romasteml-ln |n|ei at 'Zeb while the higher-momentum components of tpe and
a mogifie d \?ecr)sior? oIfGe traeirzls\;\?;]?cnhc?rr]nter?e VSVS:T? g\\//ZrutZt?a- Yd2-like states decay over progressively larger distances. If
hedra and bands, SDQSE) is replaced by ef(E) the interface plane is chosen as shown in Figl.14 A from

: the surface plane, which is close to the atomic radius of
SDOS(E)F v iD(W,j). The computational resources 4 3 g ‘the zero-momentum fractions in the interface plane

needed to evaluate the TEDs were greatly reduced by inClugy g "7 andd2-like states are all close to one. It follows
ing in the sum ovek only those tetrahedra whose Centroids i1 for each of these symmetries, the density of states in the
lie close toI'. For example, we found that only those tetra- interface plane is dominated by the zero-momentum compo-
hedra whose centroids lie within a sphere of radius 0.3 A nent.

aroundI’ (~30%I'X) make a significant contribution to the ~ The common feature of the electron states of symmetries
field emission current fronW(100). Neglecting the tetrahe- px+py, dxz+dyz d(x>-y?), anddxy atT is that in the inter-

dra outside this range reduces the number of terms in thiace plane their zero-momentum fractions are small. This is
sum overx in Eq. (7) by a factor of ten. confirmed by Fig. 1, which shows that the higher momentum

0.4 |-

0.2 |

N e _____D®

®) o L=t
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FIG. 2. (a) Calculated density of states of bulk tungstén) 2 . R . .
SDOS ofW(100) calculated from Eq(5). (c) Calculated SDOS of 0 2 4 0 0.1 020 2 4
W(110. (d) Calculated SDOS ofV(111). SDOS K-SDOS is/io

-1 -1 -1 -1
components of thelxz+dyzlike state decrease very slowly (E1 Atom™" V™) (E1 Atom™" V™))

with distance until they reach a plateau, while the higher- FIG. 3. (3) Calculated SDOS oiV(100). (b) K-SDOS ofW(100
2_\2 "9 ‘

momentum Comporlents of thex+py, 'd(x Y9, an'd calculated from Eq(6). The shaded regions mark the contribution

dxy-like states dominate to very large distances. It will beqf siates ofdZ2 symmetry. (c) The enhancement factor for field

seen from I_:ig. 1 that, if the _interface plane is chosen agmission fromW(100), calculated from Eqs4) and (7). The ex-
shown(and indeed for any choice of the interface plane that,erimental enhancement factor for field emission frafiL00) is

is consistent with the requirements stated in Sec.))Ithe
zero-momentum fraction in the interface plane fot+py,
dxz+dyz d(x*-y?), and dxy-like states is close to zero. It _ —
follows that, even though these states contribute significantlff PX* Py, dxz+dyz and d(¢-y?) +dxylike states af" are
to the K-SDOS, they make only a small contribution to the Z€r0.
field emission current.

The transmission properties of the surface potential bar- B. Densities of electronic states at low-index surfaces of
rier are such that the TED in field emission is dominated by tungsten

the zero-momentum fractions of the electron states close to The calculated DOS in the middle layer of each supercell
I'. At the surface of a cubic metal, the zero-momentum fracis in good agreement with the DOS obtained from a bulk
tions of s, pz anddZ-like states af” are unconstrained by calculation, confirming that the supercells are sufficiently
symmetry considerations because their wave functions ard@arge to describe the transition from the bulk metal to the
uniform in sign over any plane normal o However, the surface. Comparing the densities of states in the various lay-
zero-momentum fractions of the remaining states are corers, the principal difference is between the surface layer and
strained by the symmetry properties of the basis functionsthe first sub-surface layer. This difference, which reflects the
For a (100 surface, the transverse wave functionspf reduced atomic coordination at the surface, is associated with
+py and dxz+dyzlike states af’ are antisymmetric under & redlstrlbutlo_n_ of charge in the surface layer. The calculated
inversion [(-x,-y,2)=—(x,y,2)], and those ofl(x?—y?) surface de|_13|t|¢s of states \&f(100), W(;lO), and W(ll_l)
anddxy-like states al' are antisymmetric under 4-fold rota- o shown in Figs. @)-2d). For comparison, the density of
tion ag(-)ut thez axis, so in eac¥1 case the zero-momentumStates of bU|k. tungsten is shown in Figap . o
fraction is zero Fo} 4110 surface, the transverse wave The experimental enhancement factor for field emission
. ' ] ' — ) from W(100) later in Fig. 4c) shows a strong peakhe
functions ofpx, py, dxz anddyzlike states at” are antisym-  gwanson hunth of about 0.35 eV belovE;, and a weak
metric under inversion, and those @Xy-like states al” are  peak about 0.66 eV belo®:. The Swanson hump is hard to
antisymmetric under two-fold rotation aboxtor y, so in  see in the SDOS shown in Fig(e3, but the calculated
each case the zero-momentum fraction of the transvers€-SDOS in Fig. 8b) shows three peaks of similar strength,
wave function is zero. Since theandy axes are inequiva- A at 0.04 eV aboveEg, the Swanson hump B at 0.31 eV
lent, the zero-momentum fractions dfx?-y?)-like states belowEg, and C at 0.69 eV below. In this energy range,
are small but do not vanish. For(all) surface, it is conve- the dominant contributions to SDOS aKdSDOS are from
nient to takex andy to be oblique coordinates in the hex- d-like states; the contributions afZ-like states are marked
agonal coordinate system, so thdtx>-y?) and dxy are by the shaded regions in Figs@aBand 3b). Peak B is the
equivalent. Then, as fqtL00), the zero momentum fractions only peak that is due predominantly t?-like states. The

shown in Fig. 4c).
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FIG. 4. Field emission fronwW(100). (a) Surface band structure FIG. 5. Field emission fromW(110). (a) Surface band structure
alongXT'. Solid lines mark regions of surface state or surface resoalongXI'. Solid lines mark regions of surface state or surface reso-
nance character, and dotted lines mark regions of bulk or intermeaance character, and dotted lines mark regions of bulk or interme-
diate charactefb) Calculated enhancement factor of the field emis-diate character(b) Calculated enhancement factor of the field-
sion current.(c) Experimental enhancement factor of the field emission currentc) Experimental enhancement factor of the field-
emission current measured at room temperature. emission current measured at room temperature.

K-SDOS approximation fails to account for the relativeis at least 33% greater than the average in the cnyetadr

strengths of peaks of different symmetties the experi- some region of the Brillouin zone. The experimental proce-

mental enhancement factffig. 4(c)]. It overestimates the dure and the method of data analysis have been described

contributions of peaks A and C to the emission current beelsewheré:?4

cause it fails to take into account the normal velocities of the

electrons and the greater attenuation of the higher momen- 1. W(100

tum components of the transverse wave functions by the sur- The geometry of theW(100-vacuum interface is de-

face potential barrier. scribed by a supercell that consists of six conventional body-
The enhancement factor of the field emission current frontentered-cubic unit cells to represent the metal and an atom-

W(100) obtained by evaluating E@§7) and dividing byjo(E)  free region of equal volume to represent the vacuum. The

is shown in Fig. 8). The dominant Swanson peak B cen- interface plane is taken to be 1.14 A from the surface plane.

tered 0.33 eV belowEg is accompanied by two weaker The SBZ is square.

peaks, A at 0.03 eV abovie: and C at 0.69 eV belovE. The experimental enhancement factors in field emission

The overall agreement with the experimental enhancemeritom W(100 at 78 KI° and at room temperatuiiig. 4(c)]

factors measured at 78'Kand at room temperaturigig.  show a strong symmetric pegthe Swanson humpentered

4(c)] is much better than that of the enhancement factor calabout 0.35 eV belowEr. The Swanson hump is consistent

culated in theK-SDOS approximation. In the following sec- with a strong symmetric peak B that appears about 0.33 eV

tions, enhancement factors calculated from &g.are used below Eg in the calculated enhancement facffig. 4(b)].

to interpret features in the TED of the field emission currentThe surface band structuf€ig. 4(a)] shows that peak B is

from low-index surfaces of tungsten. due to a pair of fladZ-like bands that originate as surface
states atl’, 0.29 eV and 0.32 eV belovig, and disperse
C. Emission current and electronic structure of W(100), towards higher energy as surface resonances. Several other
W(110), and W(111) author§*°%9 have associated peak B with surface states

The transition metal tungsten is body-centered cubic, wittf'0S€ tol". The flatdZ-like band of surface states and sur-
six valence electrons distributed among thiedhd &p or-  face resonances close Fomakes a large contribution to the
bitals. The calculated surface energy bandsWt00, TED in field emission because the zero-momentum fractions
W(110) andW(111) are shown in Figs. @), 5(@), and Ga), of dZ-like states are close to one. The experimental disper-
respectively. We define a surface energy band as a band théiPn curves deduced from angle-resolved photoemission
has either surface state charadiém minimum of 75% of  (ARP) dat&2° for W(100 show a band originating dt at
the total charge is in the first two laygis surface resonance the energy of the Swanson hump. The surface band structure
characte(if the average charge density in the first two layersin the vicinity of peak B is in qualitative agreement with the
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T justable width and with the instrumental resolution function.
{ fwarn) @ For both data sets, the FWHM of the Lorentzian required to

{ | experimental ] fit the Swanson peak is 85+5 meV, while from the 78 K
data the Lorentzian broadening of peak C is 180+10 meV.
The Lorentzian broadening is attributed to the lifetime of the
final state. The rough proportionality between the Lorentzian
broadening and the energy of the field-emitted electron rela-
tive to the Fermi level is consistent with the energy depen-
dence of the number of final states available for scattering.
) The absence of significant temperature dependence in the
1t ¢ 1 Lorentzian broadening of the Swanson peak suggests that it
- { - is due to defect scattering.

Modinos? has calculated the enhancement factor in field
emission fromW(100 using a lattice of self-consistent
muffin-tin potentials, although the potential at the surface
was not calculated self-consistently. He found a peak corre-
. . sponding to the Swanson hump 0.28 eV bew as well as
2 40 2 P peaks 0.85 eV belo¥, and 1.5 eV belovEg. The discrep-

K VECTOR i/ia i/io ancy with the energies of peaks obtained in the present work
may be due in part to the lack of self-consistency in Modi-

F|G._6. Field emission fronwW(111). (a) Surface band structure nos’ calculation of the potential at the surface.
alongMTI'. Solid lines mark regions of surface state or surface reso-
nance character, and dotted lines mark regions of bulk or interme- 2. W(110)
diate character(b) Calculated enhancement factor of the field-
emission currentic) Experimental enhancement factor of the field  The geometry of theWw(110-vacuum interface is de-
emission current measured at room temperature. scribed by a supercell that consists of nine atomic layers
. . . stacked normal to thel10) direction to represent the metal
experimental dispersion curves. However, the observed SUL 4 an atom-free region of equal volume to represent the
face band disperses slightly to higher energy without Cross;o cuum. The interface plane is taken to be 1.43 A from the
ing Eg, while the calculated band crosses at close to surface .plane The SBZ is rectangular '

03I X. The calculated enhancement factor for field emission

The 78 K data show also a weak peak about 0.73 eV befrom w(110) is plotted in Fig. Bb). The results of the present
low Ep that appears as a poorly-resolved shoulder in thegicyiation, as well as experimental data taken at #8ad
room temperature data. This peak is consistent with the weak; oom temperaturfFig. 5c)], show little structure over the

peak C in the calculated enhancement factor that is center%ergy range from 0.3 eV abovg: to 1.6 eV belowEs.
about 0.69 eV belovEg. The surface band structure Shows The most prominent feature in the calculated enhancement

that peak C is due to a band of predominantkg+dyzlike  facior is a weak peak A, 0.60 eV beld. The band struc-

surface  resonances that is flat in the rang&ye in Fig. §a) shows that peak A is due to emission from a

0.1T X to 0.2I" X and disperses towards lower energy. Theband of surface resonances of predominadity symmetry,

small zero-momentum fractions afxz+dyzlike states ex-  with a small but significant admixture @iz anddZ symme-

plains why peak C is much weaker than the-like peak B try. The small size of the calculated peak is due to the small

(the Swanson hump The dispersion curves measured byzero-momentum fraction associated with the predominant

ARP?% include a band corresponding to peak C that origi-dxzcomponent of the transverse wave function. The fact that

nates at close to O.P X and that disperses towards lower peak A is not clearly seen in the experimental TED can be

energy, in agreement with the present results. explained by its inherent weakness if the lifetime broadening
By fitting the TED of the emission current calculated in iS assumed to be comparable to that observed in the same

the free electron approximation to the measured TED in th&nergy range in field emission froi(100).

vicinity of the Fermi energy, the width of the resolution func-  In the energy range from 1.1 eV to 2.0 eV bel&, the

tion of the energy analyzer can be determined. The full widthsurface contribution to the enhancement factowat 10 is

at half maximum heightFWHM) of the Gaussian resolution predominantlydZ-like. The surface band structure in Fig.

function of the energy analyzer was between 10 to 20 me\b(a) shows that peak B, centered about 1.23 eV befipwis

for the measurements at 78 K, and 56 meV for the roontue to field emission from a band of surface resonances of

temperature measurements. The FWHMs of the enhancelZ-symmetry. It seems likely that peak B corresponds to a

ment factors measured at 78 K and at room temperature ageak that appears about 1.2 eV belgwin the experimental

almost equal. The calculated enhancement factor, when cowlata at 78 K.

volved with the instrumental resolution function appropriate  Modinos*? calculated the enhancement factor W(110

to each data set, is significantly narrower than the measurdahased on a lattice of self-consistent potentials. His results

width. The additional broadening was represented by conshow a region of enhanced current 0.1 eV abByedecreas-

volving the calculated distribution with a lorentzian of ad- ing gradually to 1.4 eV belovig.
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3. W(11) TED in field emission because their zero-momentum frac-
tions in the interface plane are small. Peak C with strong

The geometry of theW(lll)-yacuum _mterface IS . lifetime broadening may account for the broad peak that ap-
scribed by a supercell that consists of thirteen atomic layer; ears in the 78 K data about 1.4 eV bel&w.

stacked normal to the¢lll) direction to represent the metal
and an atom-free region of equal volume to represent the
vacuum. The interface plane is taken to be 1.54 A from the IV. CONCLUSIONS

surface plane. The SBZ is hexagonal. _ __In the interface plane, the transverse wave function of
The calculated enhancement factor for field emissionpach electron state can be expressed as a sum over plane

from W(111) is plotted in Fig. €b). The surface band struc- \y5ves expi(k,+gs) -r'], wheregs is a surface reciprocal lat-

ture plotted in Fig. €2 shows that the strong asymmetrical tjce vector. While the higher-momentuligs# 0) compo-

peak A centered just abovi:, whose low energy tail ex- ants contribute to the SDOS adSDOS, only the zero-

tends to slightly belovEg, corresponds to a band of surface momentum(gs=0) component contributes significantly to

resonances predominantly 62 symmetry that originates at o TED of the field emission current. This is because the

I" just aboveEr and disperses towards higher energy to apigher momentum components have large transverse ener-
proximately 0.45" M. In field emission data it is difficult to gies and correspondingly small normal energies, so they are
identify a peak that lies very close - because of the strongly attenuated by the surface potential barrier.
proximity of the peak aEg that is due to the cutoff of the The contribution of each electron state to the TED in
Fermi-Dirac distribution. Nevertheless, the room temperaturdield emission is proportional to its zero-momentum fraction
data in Fig. 6c) show an increase in the experimental en-(the fractional contribution to the SDOS in the interface
hancement factor just abo&: that is consistent with peak plane that is attributable to the zero-momentum component
A of the transverse wave functiprAt the (100) surface of a

The surface band structure Wf(111) in Fig. 6@ shows  cubic metal, states close {0 that are predominantly, pz,
that the strong asymmetrical peak B corresponds to a band eihd dZ-like have large zero-momentum fractions, while

surface resonances afZ symmetry that originates af states close td’ that are predominantlpx+py, dxz+dyz
about 0.53 eV belovig: and disperses towards higher energydx?-y? and dxy-like have small zero momentum fractions.
to approximately 0.3 M. The enhancement factors mea- This is because symmetry considerations place no constraint
sured at 78 R® and at room temperaturgFig. 6c)] both  on the zero-momentum fractions &fpz, anddZ-like states,
show strongly asymmetric peaks over the same energy rang@hile the zero-momentum fractions @fx+py, dxz+dyz
However, the maxima of the experimental peaks are 0.75 eVl(x*~y?) anddxy states are constrained by the symmetries of
and 0.65 eV belowE (significantly below the calculated the basis functions to vanish & Similar considerations
peak. The surface band structure predicts an additionahpply to the other low-index surfaces.
dZ-like band originating atl’ about 0.72 eV belowE, The tetrahedral method for evaluating Brillouin zone in-
which might appear to be in better agreement with the extegrals in density of states calculations is applied to calculate
perimental data. However, this band is predominantly of bulkhe external current in field emission from low-index metal-
character, and its contribution to the calculated emission cuwvacuum interfaces, based on self-consistent FP-LAPW calcu-
rent is weak because the wave function amplitudes are smdhtions of the electronic structure. A calculation of the TED
in the interface plane. in field emission fromA/(100) in the K-SDOS approximation
Peak B in the calculated enhancement factor, when corfailed to predict correctly the relative strengths of peaks of
volved with the instrumental resolution function, is signifi- different symmetry. The present work shows that it is an
cantly narrower than the corresponding peaks in the experexcellent approximation to assume instead that the contribu-
mental data at 78 K and at room temperature. The additiondlon of the higher-momentum components of the transverse
broadening of the room temperature data was determined hyave functions is negligibly small.
convolving the calculated distribution with a lorentzian of = The good overall agreement between the calculated TEDs
adjustable width and with the instrumental resolution func-of the field emission current fronw(100, W(110, and
tion. The FWHM of the Lorentzian broadening required to fitW(111) and the experimental data justifies the use of the
the room temperature peak is 180+10 meV. While a quantipresent method to calculate also the surface densities of
tative analysis of the 78 K data was not undertaken becausgates and other features of the surface electronic structure.
of uncertainty in extracting the peak width, the LorentzianThe Swanson hump ow(100) results from the contribution
broadening is similar to that observed in the same energys wvo flat bands of surface states at and arodihdThe

range in field emission frori(100). , strong localization of charge just outside the surface of the
A weak asymmetrical peak C appears in the calculatedheta| results in a large electron flux at the interface plane,
enhancement factdfig. 6b)] about 1.3 eV belowEe. The  \yhile the d2 symmetry results in a large zero-momentum
surface band structure shows that peak C is due to a group 8hmponent of the transverse wave function and hence a large
surface resonance bands closé tthat are predominantly of contribution to the field emitted current. The widths of the
d(x>~y?)+dxy symmetry with a dZ admixture. The Swanson hump measured at 78 K and at room temperature
d(x*-y?)+dxy states make a large contribution to the are closely equal, and significantly broader than that of the
K-SDOS, but they make only a small contribution to thecalculated peak, suggesting that the additional broadening is
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a lifetime effect due to temperature-independent defect scaemission TEDs. This method, which is an adaptation of stan-
tering. The calculated enhancement factor\i¢i 10 shows dard techniques for calculating the electronic properties of
a weak peak at 0.6 eV belofti=. The fact that this peak is periodic structures and can readily be applied to a wide range
not clearly seen in the experimental enhancement factor isf surfaces and materials, is capable of providing detailed
consistent with its inherent weakness together with lifetimenformation about the energies and symmetries of electronic
broadening similar in magnitude to that (100 in the states at metallic surfaces, the layer densities of states that
same energy range. ThW#(111) plane shows a strong asym- play an important role in accounting for the distinctive
metric peak with its maximum at about 0.65 eV bel&y, chemical and optical properties of metallic surfaces, and
which is due to a band of surface resonances of predominaghanges in the electronic structure between the bulk metal
dZ symmetry. Again, the discrepancy between the widths ofind the surface. An extension to interpret photofield emission
peaks in the calculated TED and the experimental TED iglata from Ta has been reported elsewttére.
consistent with Lorentzian broadening similar in magnitude
to that inferred from théW(lQO) data. _ ACKNOWLEDGMENTS
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