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emission spectra
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The electronic energy-band structure of tungsten has been calculated by means of the
relativistic-augmented-plane-wave method. A series of mutually related potentials are constructed by
varying the electronic configuration and the amount of Slater exchange included. The best band
structure is obtained from an ad hoc potential based on a Dirac-Slater atomic calculation for the
ground-state configuration and with full Slater exchange in the atomic as well as in the crystal
potential. The selection of this best potential is justified by comparing the calculated band structure to
Fermi-surface experiments and to optical-reAectance measurements up to 5-eU photon energy. The
temperature and strain responses in the band structure are estimated from band calculations with four
different lattice constants. The band structure was determined in the entire Brillouin zone and is

applied to a calculation of photoemission spectra from % single crystals. The nondirect as well as the
direct models for bulk photoemission processes are investigated. The emission from the three low-index
surfaces {100), {110),and {111)exhibits strong dependence on direction and acceptance cone. According
to the present band model there should essentially be no emission normal to the (110) face for photon
energies between 9.4 and 10.6 eU. Experimental observation of emission in this gap, however, implies
effects not included in the simple bulk models. In particular, effects arising from surface emission have

been considered, i.e., emission of those electrons which are excited in a single-step process from initial

states near the surface to final states outside the crystal. The electrons that are emitted from the
surface in directions perpendicular to the crystal planes carry information on the one-dimensional

surface density of states. The present work includes a crude estimate of this surface density of states,
which is derived from the bulk band structure by narrowing the d bands according to an effective
number of neighbors per surface atom. Estimates of surface relaxation effects are also included.

I. INTRODUCTION

The present paper describes a calculation of
the energy-band structure for tungsten and its ap-
plication to photoemission experiments. The cal-
culation was performed by an augmented-plane-
wave (APW) method along the general lines laid
out by previous work on transition metals. In
order to permit the computation of optical and
photoemission spectra the band calculation was
carried out over the entire Brillouin zone. It was
imperative to include relativistic effects in the
present calculation. This is obvious from the
work of Loucks, who demonstrated that the cal-
culated Fermi surface of tungsten varies consid-
erably as relativistic effects are taken into ac-
count.

The choice of the method for constructing the
crystal potential still represents the major diffi-
culty in ab initio calculations of the band structure
of the transition metals. Although exchange and

correlation effects have been studied extensively
theoretically, the results do not suggest any unique

way of determining a one-electron potential for
band calculations. Further, the theoretical foun-
dations of a particular choice of potential in a cal-

culation like the one presented here is question-
able due to the fact that it is not carried through to
self-consistency. Also, the electronic configura-
tion in the atoms that form the crystal lattice can-
not be chosen unambiguously. ' In the present
approach therefore a number of ad hoc muffin-tin
potentials have been constructed from superim-
posed atomic potentials and charge densities in a
manner described earlier, ' including a p(r)'
term, p(r) being the local electron density. These
potentials vary in terms of the electronic config-
uration and the Slater exchange term. A "best"
potential is chosen from this set by means of a
comparison to experimental results such as Fermi-
surface measurements, ' optical absorption,
and photoelectric emission spectra.

A second set of potentials has been constructed
where the lattice constant was varied such that
they refer to different temperatures of the crystal.
This is desirable for two reasons. First, Fermi-
surface measurements are made at low tempera-
tures, while optical and photoelectron results are
reported for ambient temperature. A low-temper-
ature calculation is required therefore to account
for temperature effects on Fermi-surface topolo-
gy. Second, calculations for different lattice con-
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stants allow an estimate of the strain response of
the material. Stress modulation experiments have
been shown to yield information on critical point
transitions in specific regions of k space. Such
experiments allow a much more direct compari-
son to band-structure calculations than unmodu-
lated optical spectra, which are related to quanti-
ties integrated over the entire k space (joint den-
sity of states). In the hope that future modulation
experiments will be carried out, estimates of the
strain response parameters for several interband
transitions have been included here.

Photoemission experiments usually yield results
related to optical excitations over extended regions
of k space, and the interpretation requires a
knowledge of the detailed band structure even if
extremely simplified models for the photoemission
processes are used. It is expected that photo-
emission experiments confined to a narrow emis-
sion angle reduce the extent of k regions involved,
thus facilitating direct comparison with the band
structure. However, such an analysis requires,
a Prior, a method for deciding which features of
the spectra can be attributed to bulk effects and
thus be related to the bulk band structure. Many
photoemission properties of the noble metalsii, is-s3

have been interpreted to date in terms of direct
optical transitions between band states followed by
transport of the hot electron to the surface and
subsequent emission. The success of this simple
model which reflects only bulk properties seems
to be limited, and in particular it is not found valid
in the case of rhodium. Recent experiments
have shown that the photoelectron energy distribu-
tion for emission confined to a narrow solid angle
and measured normal to three single-crystal faces
of tungsten may be interpreted in terms of both
bulk and surface ~'~' contributions to the observed
spectra. The band structure presented here will
be applied in the analysis of those experimental
features related to the bulk contribution. Emis-
sion from the surface reflects the density of initial
states confined to the surface region. This func-
tion, the surface density of states, is related but
not identical to the bulk density of states. A sim-
ple model giving the surface density of states by
scaling the width of the bulk d bands according to
the number of nearest and next-nearest neighbors
to a surface atom will be presented.

The paper is divided into three main parts. Sec-
tion II is a presentation of the calculated band
structure and the influence of configuration
changes and the response to hydrostatic lattice
deformations. The actual choice of a "best" crys-
tal potential is justified in Sec. III by means of
Fermi-surface calculations and a derived em(~)
spectrum. The connection to the experimental
work of Ref. 23 follows in Sec. IV, where the

photoemission calculations ar e discussed. The
angular variation of the direct model energy dis-
tribution curves (EDC's) and bulk nondirect EDC's
as well as the full-angle results will be shown.
Further, the crude model for obtaining the surface
density of states is included in Sec. IV.

II. ENERGY BANDS OF TUNGSTEN

The electronic energy-band parameters of tung-
sten have been examined for eight different crystal
potentials. The characteristic parameters of these
potentials are given in Sec. II A. Four of the po-
tentials (V„V2, V3, V4) are constructed in the
same way except for varying the lattice parameter.
One of these potentials (V2) yielded a band struc-
ture that is described in some detail (Sec. II B)
since it shows the best agreement with experimen-
tal data. This particular band structure, together
with the results obtained using Vi, V3, and V&

gives information on the temperature and strain
responses in the energy bands of tungsten {Sec.
II C). The four remaining potentials, V~, Ve, Vv,

and Vs all refer to room temperature, as does Vz,
but they differ with respect to the amount of ex-
change which is included and with respect to the
electronic configuration of the isolated atom. The
band parameters, in particular those concerning
the d bands, are discussed (Sec. IID). The band
structures corresponding to the potentials V&, V6,

V7, and Vs have only been calculated along a few
symmetry lines, and the band parameters are
essentially described in terms of the logarithmic
derivatives of the partial waves for each value of
the azimuthal quantum number.

FIG. 1. First Brillouin zone for a bcc lattice. The
line marked (dot-dashed line) shows a (1, —1, 0) recipro-
cal-lattice vector that connects an I point to a point on
the continuation of a I'P line (cf. Sec. IV).
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A. Crystal parameters and potential

Tungsten crystallizes in a bcc lattice, and Fig.
1 shows the first Brillouin zone with the irreduci-
ble $ zone to which the calculation can be restrict-
ed. The calculated band structure will be com-
pared to room-temperature optical measurements
and to Fermi-surface experiments which are car-
ried out at low temperatures. Therefore, band
calculations are required for T = 300 K as well as
for T=4. 2 K. The room-temperature lattice con-
stant is 3. 1651 A (5. 9811 a. u. ), and, using the
thermal expansion data of Nix and MacNair, the
4. 2-K lattice constant has been estimated to be
3. 161 A {5.973 a. u. ). For the purpose of examin-
ing strain responses and estimating surface-relax-
ation effects, we have performed band calculatiohs
for two expanded crystals corresponding to the
lattice parameter a= 6. 100 a. u. and a= 6, 400 a. u.

The crystal potential has been constructed in a
manner similar to the one used for Au a, Ag' '",

u so Moa &9 Hh a, 3& and Pd sj starting from
relativistic Hartree-Pock-Slater calculations of
the atom. The atomic charge densities were ap-
plied to construct an atomic Coulomb potential by
solving the Poisson equation, and the Coulomb
contribution to the muffin-tin potential was ob-
tained by superposing and averaging 3 atomic Cou-

lomb potentials from 14 shells of neighbors. The
exchange term has been derived from the cube root
of a muffin-tin charge density calculated by super-
posing atomic densities inside the muffin-tin
spheres and smearing out the remaining charge
between the spheres. Thus the Coulomb and ex-
change contributions were treated separately. The
constant potential between the muffin-tin spheres
consists of an average Coulomb potential plus the
exchange potential calculated from the average
electron density. The averaging of the Coulomb

potential was not completely strict, but rather a
simple signer-Seitz sphere averaging was used.

The radius Rs of the muffin-tin spheres has been
chosen to be 2. 459 a. u. for all potentials, imply-
ing that even for the lattice with the smallest near-
est-neighbor distance the spheres are not touching
each other.

Table I gives a list of characteristic parameters
for the potentials that have been used in the pres-
ent work. The constant n is the weight of the p'
exchange term such that a = 1 corresponds to full
Slater exchange. Vo is the constant potential be-
tween the muffin-tin spheres and d Vo gives the
discontinuity at x=Rs. The lattice constants a,
the atomic volumes Q, and the signer-Seitz
sphere radii R„s are also included in the table
(A=gvR„a). Two electronic configurations in the
atom have been considered, 5d 6m~ and 5d 6s'.
The former corresponds to the ground-state con-
figuration of the isolated tungsten atom.

B. Band structure calculated from V2

The diagram in Fig. 2 shows the band structure
of % along symmetry lines in the Brillouin zone
(Fig. 1). The energy eigenvalues have been ob-
tained by the relativistic-augmented-plane-wave
(RAPW) method in the same way as described ear-
lier. ' At least nine bands were calculated at 285
k points uniformly distributed throughout the irre-
ducible $8 zone {Fig. 1}. Along symmetry lines
additional points were included such that the densi-
ty was doubled. The eigenvalues at 55 points uni-
formly distributed throughout the 4'8 th zone are
listed in Table II. The band structure of Fig. 2
will be the one discussed in most detail since it
gave the best agreement with experiments. The
potential (V2} corresponds to the ground-state
configuration of the atom and full Slater exchange
(o. = 1) was included in the atomic as well as in the
crystal potential (Table 1). Although this calcula-
tion is for the room-temperature lattice constant
it is possible to draw some conclusions concerning
the qualitative features of the Fermi surface. The

TABLE I. Characteristic parameters for the potentials that have been examined. Vo is the muffin-tin zero, and

bVo gives the discontinuity at the muffin-tin sphere {x=Rs). R~ is the signer-Seitz radius and a is the lattice pa-

rameter.

Label

Configuration
o. {atom)

G. {crystal)

0
Rve
Vo

Vo

T
&a~a3oo

5d46s2

1
1
5. 973

106.548
2. 9409

—1.4155
0, 1367
4

—0. 13

5d46s

1
5. 981

106.977
2. 9449

—1.4107

300
0

5d46s'
1
1
6. 100

113.491
3. 0035

—1.3427
0. 1430

-2150
l. 95

V4

5&46s2

1
1
6.400

131.072
3. 1512

—1.1974

6. 88

5d46s~
2
3
2

5. 981
106.977

2. 9449

300
0

5d'6s'
1
1
5. 981

106.977
2. 9449

—1.3905
0. 1173

300
0

5d'6s'

5.981
106.977

2. 9449

300
0

5d'6s'

1

5. 981 a. u.
1 06. 977 a. u.

2. 9449 a. u.
—1.0689 By

0. 1017 Ry
300 K

0%

~M =a -asoo, a»o being the 300-K lattice constant.
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FIG. 2. Band structure of tungsten along symmetry
lines as calculated from the room-temperature potential
V2 which includes full Slater exchange. In the atomic
calculation the Slater exchange is included with full
weight. The electron configuration in the atom corre-
sponds to that of free W atoms, i.e. , 5d 6s2. The ener-
gies are in Bydbergs and measured from the muffin-tin
zero Vo.

Fermi level E~ is close to the center of the d
bands as would be expected since the d states
should be approximately half-filled. Since Ez
falls in the spin-orbit gap between band 4 and 5
at the 4 line it follows that no electron lenses ex-
ist inside the electron jack. Further, the hole
octahedron —still considering the I'H line —is
separated from the jack by an amount that corn-
pares mell to experiments. Also the hole ellip-
soids around N exist. Thus, from the diagram of
Fig. 2 it is seen that at least the qualitative fea-
tures of the Fermi surface agree with experi-
ment. ""

The spin-orbit (So) splittings at 1' and H (I"zq-1";, I'8, Hzs-H;, Hs) are 0. 041 and 0. 051 Ry, re-
spectively. In terms of a spin-orbit parameter
$„ these energy levels are

E(7') =E(25')+ $~,
E(g') = E(25') —1k'

and the splitting is —,'(„at 1 and H. Therefore, the
effective SO parameter is different at the two lev-
els I'z5 and H~q. In view of earlier calculations'
it is not surprising that $ varies with energy. In
the present case we find an effective SO parameter
varying from 0.027 Ry at the energy E =0.816 Ry
to 0.034 Ry at E = 1.242 Hy, E being measured
from the muffin-tin zero. Mattheiss' used the ex-
perimental value for the splitting between the jack
and the octahedron obtained by Vlalsh and Grimes
to deduce a SO parameter and found $ = 0. 03 Ry,

a value between the two numbers given above. The
atomic 5d SO parameter is 0. 027 Ety, and thus
very close to the band-structure values. The dif-
ference between the tmo lowest Ha levels is 0. 791
Ry indicating that the present calculation yields
d bands that are wider than those of Ref. 5 by
more than 20 may. In this comparison we refer
to the results obtained using the potential V& of
Ref. 5, i.e. , where full Slater exchange was in-
cluded as in the present work. The difference is
probably due to the fact that our atomic calculation
is relativistic.

At I' we find an almost triply degenerate level
at 1.95 Ry. It might be argued that this accidental
degeneracy between a doubly degenerate level and
a nondegenerate level is not significant since the
band calculation cannot be trusted too much in this
energy region. A free electron with an energy of
2 Ry would have a wavelength of 2v/ v 2 a. u.
=4. 45 a. u. which is smaller than the lattice pa-
rameter. Therefore, errors in the band calcula-
tion due to the muffin-tin shape could be expected
in this energy range. In order to examine whether
or not this is the case we have calculated the ener-
gy bands along symmetry lines using a potential
which is identical to V2 inside the muffin-tin
spheres but with Vo reduced by 0.050 Ry. The re-
sults at 1", H, and N are shown in Table III. The
last three columns contain the shift of the energy
levels relative to the bottom of the s band at I'.
Only small shifts are found in the high-energy re-
gion, while appreciable effects are seen in the en-
ergy range near the Fermi level. Thus, states at
energies even higher than 1 Ry above E~ are only
slightly affected. The shifts near E~ can easily
be understood. This is the d-band range. A shift
in Vo mill produce a change in the potential bar-
rier ' formed by the centrifugal term in the ef-
fective potential. Consequently, the tunneling
probability will be different and the width as well
as the position of the d bands change. In the pres-
ent case mhere Vo is reduced we have reduced the
potential barrier, and this leads to a broadening
of the d bands.

The density-of-states function

2Q dSso
(2v)3 (Vf E(k) (

where the integral is taken over the surface of
constant energy E, has been derived from the
band structure discussed above and is shomn in
Fig. 3. It was obtained using the Gilat-Rauben-
heimer method in conjunction with a three-dimen-
sional analog to second-order Lagrange interpola-
tion. The original 285 k points in $ zone were
interpolated to 3542 points which served as cen-
ters for the microcubes. The Fermi level E~
=0. 889 Ry over the muffin-tin zero, was obtained
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TABLE II. Calculated eigenvalues at 55 points uniformly distributed over 4'8 of the Brillouin zone.
Potential V&. The energies are in Hy measured from Vo. (A table of the HAPW eigenvalues at 285 K

points may be obtained from the authors. )

k/(~/4 ) Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 Band 9

r(o, o, o)
6(0, 1,0)
b, (0, 2, 0)
a(0, 3, o)
z(0, 4, o)
a(0, 5, o)
a{0,6, o)
z{0,7, o)
H{0,8, 0)
z{1,1,0)

(1,2, 0)
(1, 3, o}
(1,4, o)
(1, 5, o)
(1,6, o)

G{1,7, 0)
z(2, 2, 0)

(2, 3, o)
(2, 4, 0)
(2, 5, 0)
(2, 6, o)

Z{3,3, 0)
(3,4, o)

G(3, 5, 0)
x(4, 4, o)
A{1,1,1)

(1,2, 1)
(1,3, 1)
(1,4, 1)
(1, 5, 1)
(1,e, 1)

S (1,7, 1)
(2, 2, 1)
{2,3, 1)
(2, 4, 1)
{2,5, 1)
(2, 6, 1)
(3, 3, 1)
(3, 4, 1)
(3, 5, 1)

D(4, 4, 1)
A{2,2, 2)

(2, 3, 2)
(2, 4, 2)
(2, 5, 2)

x{2,6, 2)
(3, 3, 2)
(3,4, 2)
(3, 5, 2)

D(4, 4, 2}
A(3, 3, 3)

(3, 4, 3)
r(3, 5, 3)
D(4, 4, 3)
P(4, 4, 4)

0. 1731
0.2000
0.2751
0. 3814
0.4866
0. 5376
0. 5006
0.4582
0. 4440
0, 2254
0.2957
0.3932
0, 4882
0. 5366
0. 5093
0.4734
0.3492
0.4138
0.4698
0. 5077
0. 5178
0.4263
0, 4411
0.4697
0.4292
0.2500
0, 3473
0.4086
0.4977
0. 5550
0. 5297
0.4931
0.3729
0.4378
0.4921
0. 5330
0. 5447
0.4542
O. 4674
O. 4943
0.4565
0.4332
0.4947
0. 5328
0. 5759
0.6059
0.5302
0. 5350
O. 5510
O. 5296
0.6147
0. 5938
O. 5789
0. 6126
0, 6390

0. 8030
0. 7977
0. 7930
0. 7671
D. 6616
0. 5696
0. 5119
0.4643
0, 4440
0. 7793
0. 7598
0. 7329
0. 6608
0. 5877
0. 5333
0.4833
0. 7171
0.6982
0.7070
0. 6635
0. 5957
0. 6628
0. 6603
o. 6934
0. 6425
0. 7670
0. 7500
O. 7041
0. 6479
0. 5850
0. 5438
0.4974
0. 7043
0. 6808
0. 6651
0. 6479
0. 6010
0, 6556
O. 6519
0, 6735
0.6381
0. 6759
0. 6564
0.6412
0. 6280
0. 6205
0. 6432
O. 6417
0. 6517
0. 6329
0.6443
0. 6557
0. 6763
0. 6445
0. 6810

0.8030
0. 8070
0. 8108
0. 8017
0.8347
0.8987
0.9970
1.1256
1,2350
0.7968
0.7743
0.7611
0. 7893
0. 8461
0.9286
1.0394
0.7472
0.7381
0. 7190
0. 7595
0. 8345
0. 7970
0. 8238
0.7925
0.9015
0. 7732
0. 7500
0.7465
0.7717
0.787S
0.8328
0.9359
0.7198
0.7195
0. 7355
0, 7278
0.7449
0.7649
0.8018
O. 7530
0. S643
0.6849
0. 6842
0.7204
0, 7014
0.6531
0.7005
0.7486
0. 7257
0.7904
0.6521
0.7060
Q. 6992
0.7221
0.6810

0. 8444
0, 8463
O. 8642
0. 8377
0. 8739
0. 9454
1.0493
l. 1715
l. 2350
0. 8734
0.9210
0. 8904
0. 8934
0, 9148
0. 9820
1.0937
0. 9924
0. 9788
0. 9571
0. 9061
0, 9049
1.0304
1.0121
0.9456
l. 0330
Q. 9088
0. 9579
0. 9167
0. 9117
0. 9573
1.0469
l. 1670
1.0015
0. 9858
0.9696
0.9592
0. 9984
l. 0340
l. 0220
0. 9776
1.0426
l. 0276
l. 0216
l. 0109
l. 0259
1.0732
1.0546
l. 0518
1.0389
l. 0674
l. 0651
1.0830
1.0753
l. 0957
l. 1170

1.0350
0. 9952
0. 9055
0. 9274
0.9989
l. 0824
l. 1654
1, 2343
1,2860
0, 9980
O. 9454
0. 9938
l. 0702
l. 1515
1.2283
l. 2601
1.0088
l. QS12
1, 1421,
l. 2461
1.2813
1.0840
l. 1325
l. 2401
1.1015
l. 0074
0. 9791
l. 0479
l. 0895
l. 1167
l. 1708
l. 1670
l. 0430
1.0885
l. 1129
l. 1582
1.1894
l. 0879
l. 1174
l. 1711
l. 1042
1.0581
l. 0904
1.1037
l. 1093
l. 1034
1.0966
1.1088
l. 1175
1.1103
l. 0795
1.1127
l. 1088
l. 1166
l. 1170

l. 0350
l. 0488
1.0853
1.1237
l. 1352
1.1582
l. 2589
l. 3886
1.3698
l. 0371
l. 0721
1.1164
l. 1446
1.2102
1.3412
l. 4538
l. 0582
l. 1147
l. 1972
1.2861
l. 4046
l. 2081
l. 2853
l. 3113
l. 3228
l. 0278
1.0654
1.1139
1.1832
l. 2996
l.4383
1.5200
l. 0770
l. 1634
l. 2707
1.3978
1.5170
1.2625
1.3453
1.4082
1.3720
l. 1680
l. 2706
l. 3796
1.5092
l. 5308
1.3769
l.4615
1.5193
1.4820
l.4869
1.4815
l.4638
l.4393
1.3938

1.9495
l. 9938
2. 0934
1.9854
l. 9078
l. 9727
1, 7757
l. 5820
l. 5500
l.9873
2. 0232
l. 9335
1, 8600
l. 8466
l. 7012
1.5645
1.9462
l. 8468
1, 7684
l, 6985
1.6080
l. 7694
l. 6973
l. 6525
l. 6763
2. 0007
2. 0484
l. 9127
l. 8249
l. 7786
l. 6628
l. 6101
1.9743
l. 8511
l.7000
l. 6580
l. 5802
l. 7709
1.6662
1.6131
l. 6362
l. 9797
l. 8209
1.6708
l. 5828
1, 6721
l. 7099
1.5834
1.5526
l. 5454
l.6007
l. 5822
1.6707
l. 6207
l. 7172

1.9505
1.9965
2. 1214
2. 2043
2. 2354
2. 0269
l. 8889
l. 6730
l. 5500
2. 0415
2, 1223
2. 1473
2. 1660
2. 0447
l. 8565
l. 6965
2. 0686
1.9879
l, 9673
2, 0086
l. 9047
1.821S
l. 7816
l. 8708
l. 7019
2. 0736
2. 0639
2. 1161
2. 1194
2. 0026
l. 8127
l. 6413
2. 0628
l. 9871
l. 9649
1..9346
l. 8329
1.8229
1.7991
l. 8594
1.7319
2. 0475
l. 9757
l. 9199
1.8308
1, 7060
l. 7629
l, 8254
l. 7906
1.7921
l. 8422
1.7838
l. 6795
1.7886
l. 7578

1.9516
l. 9987
2. 1261
2. 2756
2. 2986
2. 1270
2. 1277
2. 1174
2. 0296
2. 0630
2. 1647
2. 3153
2. 2754
2. 1445
2. 2061
2, 2147
2. 2790
2. 3972
2. 2351
2. 0658
2. 1688
2. 3221
2. 1758
2. 0759
2. 1464
2. 0871
2. 1691
2. 2760
2.2602
2'. 1814
2. 2647
2. 3153
2. 1882
2, 2780
2. 1792
2. 1360
2. 2410
2. 1970
2. 1175
2. 0793
2. 0943
2. 1284
2. 0557
2. 0704
2. 1842
2, 3588
l. 9946
1.9913
2. 0831
l. 9557
l. 8865
1. , 8996
2, 0115
l. 8322
l. 7578

by integration of N(E),
g

NÃ)dE = 6 electrons/atom,
g~

where E~ is the bottom of the s band. The calcu-
lated value of the density of states at F~ is N(Fz)
= 5. 04 electrons atom Ry '. The corresponding
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TABLE III. Relative shifts E2-E1 in the band structure due to a shift in the muffin-tin dis-
continuity. The columns E& give selected energy levels relative to the bottom of the s band at I',
whereas the values E& were obtained from an RAP% calculation using the same potential (V2) ex-
cept for a reduction of bV0 by 0. 050 Ry. (The levels are numbered with increasing energy. )

Band
number

E1
Potential V&

H N

E
V2 with muffin-tin
zero shifted by

—0. 050 Ry
H N

E2-E1
H

0. 000
0. 630
0.630
0. 671
0. 862
0. 862
1.776
1.776
1.778

0. 270
G. 270
l. 061
l. 061
l. 112
l. 196
l. 376
l. 376
1, 856

0. 255
0.469
0. 728
0. 859
0. 928
1.149
l. 502
l. 528
l. 973

0. 000
0. 648
0. 648
0.691
0. 882
0. 882

1.774

0.280
0.280
1.101
l. 101
1.137
l. 199
l. 373
l. 373
1.868

0.264
0.485
0 ~ 725
0. 881
0. 951
l. 175
l. 522
1.524
1.982

0. 000
0. 018
0. 018
0. 020
0. 020
0. 020

—0, 004

0. 010
0. 010
0. 040
0, 040
0. 025
0. 034

—0. 003
—0. 003
—0. 012

0. 009
0. 016

—0. 003
0. 022
0. 023
0. 026
0. 020

—0. 004
0. 009

value of the band-structure electronic specific
heat y~ is 2. 06x10 calmole 'K . The experi-
mental values, y„vary from 2. 0~10 cal mole '
K to 3. 1&&10 mole 'K . The experiments by
Heiniger et al. ' ' gave y, = 2. 3x10 cal mole 'K,
which, if compared to y„ implies an aPParent
electron-phonon enhancement of the thermal ef-
fective mass of 12/&. This is smaller than the en-
hancement {29%%u&) estimated by McMillan.

C. %width of d bands. Effects of lattice dilation

The width of the d bands of a bcc transition
metal is often defined as the separation between
the H&2 and H2» levels (in the single group repre-

sentation) at the symmetry point H. The d band
width defined in this way is E(H8, ) - E(HS, ) + ~4
=0. 791+-,'x0. 034 By=0. 808 Ry when potential V,
is applied. One might as well consider E(N&)
—E{H,z) as representing the d-band width since
N3 is d like. This gap is 0. &V9 Ry. A strict def-
inition of a "d-band width" is therefore difficult.
This difficulty becomes even more pronounced
when comparison is made to d-band widths derived
from photoemission spectra. Neglecting relativ-
istic effects it is found empirically that a band of
predominantly / character in a closely packed
solid extends between the energies E~ and F-, where

L,( ER„)=eQ and 1, ,(E„R»)-~, I., being the

40

-10 -8
I I

RAPW W

E —
EF teV)

-4 -2 0 2 4-6
I I I I l I I

X
O

2!
K
o 20

4J

LIJ

X

10

DOS FIG. 3. Density-of-
states calculated by the
Gilat-Raubenheimer method
in conjunction with inter-
polation. Potential V2.

0.4
I I

0.6 0.8
ENERSY E (R y)

1.0
I

1.2
j

1.4
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logarithmic derivative of the partial wave corre-
sponding to the azimuthal quantum number /. The
argument r =R„s indicates that L, is evaluated at
the signer-Seitz radius. The validity of these
Vhgner-Seitz rules has been established by Ander-
sen. ' ' The parameters E~ and E, for l = 2 (d)
for the potential Vz are 0. 526 and 1.354 Ry, re-
spectively. Thus, the d-band width deduced by
this simple approach is 0. 828 Ry, a value close
to the one based on the first definition applied
above. Since the logarithmic derivatives are very
easily obtained, we can quickly calculate the d-
band width for any potential. Table IV lists the
value of Z~ and F., corresponding to the four poten-
tials V&, V2, V3, and V4 for l =2. In addition,
Table IV contains E~ for l = 0 and l (s,P) and a
quantity F-, for l =0, 1, 2, which gives the approxi-
mate "center of gravity" of the band in question.
It is determined from L, through

L, (E„Bee)= —(f + l)/R„s .

X
O
$0.9

i 0.8
4J
K

0.7
5.9

Wd

Wg 300

I a I . I

6.0 6.1 6.2
LATTICE CONSTANT a.u,

30 -A Wd

W)300K)

O
20

I

I

6.3 6.4

TABLE IV. Hand parameters for the potentials V&,

V2, V3, and V4 that all are constructed in the same way,
but refer to different lattice spacings.

t=o {s)
Ea
Ec

l =1 {P)
E

l =2 {d)

Ec

V)
5. 973

0. 418
0. 838

1.069
1.870

0. 528
0. 967
1.361
0. 833

V2

5. 981

0. 414
0.833

l. 063
1.862

0. 526
0. 963
1.354
0. 828

V3

6. 100

0. 361
0. 758

0.972
1.737

0.498
0. 904
l. 263
0. 765

V4

6.400 a. u.

0.255
0. 604

0.788
1.472

0.436
0.775
1.065
0.629

It should be noted that the absolute values of the
energies listed in Table IV cannot be compared to
the band structure shown in Fig. 2 since the band
structure calculation includes the relativistic
shifts. Figure 4 shows how the width of the d
bands in % varies with the lattice parameter a.
The width R~ relative to W~ for a = 5. 981 a. u. (T
= 300 K) is plotted versus a in Fig. 4(a), and Fig.
4(b) shows the relative decrease of W~ as a func-
tion of the relative lattice expansion ba/a(300).
The dashed lines in both figures give W~/W„(300)
= [a/a(300)] and hW~/W~(300). These curves are
close to the solid lines, demonstrating that the
d-band width approximately follows an a law.

The HAP% calculation with a = 6. 100 a. u. yields
for the d-band width at the symmetry point 0,
E(H~„) -E(HB,)+ & 4= 0. 720+-,' x0. 034 Ry=0. 737
Ry. Thus, expansion from the room-temperature

X

10

8

LLI

Oi 1 !
0 1 2 3 4 5 6 7

RELATI V E LA TT ICE EXPANSION /

FIG. 4. Relative d-band width Wz/Wz {300) as a func-
tion of lattice parameter a {a), and relative decrease of

versus the relative lattice expansion {b).

lattice to a = 6. 100 a. u. causes this gap to be re-
duced by 0.071 Ry or 9. 2%. Points corresponding
to this have been marked 0 in Fig. 4. The point
labeled by X Au indicating the change in the corre-
sponding energy separation at the symmetry point
X [E(X&)—E(X3)] in gold (fcc) has been included
for comparison.

Assuming that the shifts in the energy-band
structure due to temperature variation are essen-
tially determined by the thermal expansion of the
lattice and not so much by the vibrational smear-
out of the potential, the temperature responses
can be estimated by comparing band structures for
different lattice constants. The 4. 2 and 300 K
values of a have already been given in Table I.
The lattice constant a =6. 100 a. u. corresponds to
a very high temperature that can only be estimated.
The graph given in Ref. 29 or the thermal-expan-
sion coefficient P versus temperature has been
extrapolated to T = 1300 K giving p = 10.7 x 10~.
This implies that the temperature at which
a=6. 100 a. u. is approximately 2150 K, still well
below the melting point (3653 K) of tungsten.

Modulation spectroscopy experiments em-
phasize Fermi-level transitions and transitions at
critical points, where V„Ei(k)= ViE, (k), -i. e. ,
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initial and final bands are parallel. The first type
of transitions may occur over extended regions of
k space. However, since complications arise
from Fermi broadening, the present study will be
restricted to predictions of thermovariation of a
few critical-point transitions. Table V gives se-
lected critical point energy gaps as calculated for
the three potentials Vj, Vz, and V3. The largest
strain responses are found at N and P for transi-
tions between band 1 and 6. The 1-6 transition
at N is of particular interest since the dipole ma-
trix element for this transition is very large.
This gap therefore is expected to show up very
strongly in a modulation experiment. The tern-
perature coefficient for this transition may be ob-
tained from Fig. 5, where the energy gap E~ is
plotted versus the lattice parameter. For a = 5. 981
a. u. (room temperature), we find dE /da= —2. 83
eV/a. u. , and with p=4. 7x10 this corresponds
to dE~/dT = —8x10 ' eV/K. It follows from Fig. 5

that the strain response (absolute value) increases
strongly with increasing lattice parameter. Fur-
ther, P increases with temperature, and therefore
IdE~/dT I will increase rapidly if the temperature
is raised. At T -1300 K we have P- 10.Vx10 6,

and dE~/da = —'7. 3 eV/a. .u. giving dE /dT = —4. 5

x10 eV/K. Also the 1-6 transition at I' be-
comes very temperature sensitive at high tempera-
tures, dEJdT- —5. 0xl0 eV/K (T-1300 K).

TABLE V. Selected critical point energy gaps derived
from band structures corresponding to three different
lattice parameters a.

Potential

a
approximate

temp. T
1-6N
2 6N
2 —4N
1 56

k= (4, o, 0)&/c
1 6b,

k= (5, o, 0)~/4a
(2, 3) -(4, 5) P

1 6P

5.973

12.12
9.31
5.35

6.98

8.47

5.981
300

12.08
9.28
5.28

6. 97

44

5. 93
10.26

6. 100 a. u.
2150 K

11.21
8. 51
4. 88

6.75

eV
eV
eV

eV

7. 90

5. 45
9.36

eV
eV

D. Band structures based on V, , V6, V7, and Vs

A reduction of the exchange factor, 0(, produces
a broadening of the d bands. ' ' This can be an-
ticipated even from the atomic calculation. Since
the exchange potent'. al has the same sign as the
nuclear potential, a reduction of a will yield atom-
ic wave functions that extend farther from the nu-

cleus. Therefore, when forming the crystal po-
tential, the potential overlaps are increased and

so are the tunneling probabilities for the d states.

RAP0! 'IItl/ E (1 6)

12.0—
lb

CL

1 l.5—

0 I I I I I I I I I I I I

5.9 6.0 6.1 a.u.
LAT T (C E CONSTAN T a

FIG. 5. Energy gap, E~, between band 1 (the lowest
level) and 6 (counting from below) at N as a function of
lattice parameter a.

The band structure along the symmetry lines I'8,
lN, and I'P corresponding to potential Vz is shown
in Fig. 6. This is still a band structure for a
room-temperature lattice constant but n has been
reduced to -', in the self-consistent atomic calcula-
tion and in the crystal potential. The electronic
configuration is the same as for V~, 5d 6s . The
d-band parameters E„E„and E, (f = 2) as defined
in Sec. II C are 0. 599, 1.083, and 1.528 Ry, re-

spectivelyy.

The d-band width TV, = E, -E, is 0.929 Ry, i. e, ,
the d bands have broadened by 12% when compared
to the Va results. In particular it should be noted
(Fig. 6) that the third band at N is 0. 032 Ry below
the Fermi level. If the lattice constant is re-
duced to the 4. 2-K value this separation becomes
0. 028 By, This band is then below EJ. at N even
for T =4. 2 K, and therefore no hole ellipsoids ex-
ist. This is in contrast to the experimental re-
sults, and we conclude that potential V& does not
yield a band structure that is correct in the neigh-
borhood of the Fermi level.

The qualitative features of the energy bands are
very similar for all bcc transition metals. There-
fore, in view of the results obtained for vanadium

by Mattheiss, it may be expected that the choice
of the electronic configuration in the atomic calcu-
lation influences the detailed band structure seri-
ously. In Ref. 2 the two configurations 3d 4s' and
3d34s were compared with respect to the band
structure of vanadium, and it was found that the
d-band width derived from the latter potential was
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2.0

RAP% W

1.6- S

, l.2
g'

1.0

g 0.8
tLl

0.6

FIG. 6. Band structure
of tungsten along the 6, Z,
and A symmetry lines as
calculated from potential
V&, which is similar to the
"best" potential, except for
a reduction of the exchange
term to 3 of the Slater ex-
change.

0.4-

00' I I ! I

I HN

only half the value obtained by the 3d 4s' potential.
An attempt to reproduce these results for vana-

dium failed to some extent. The band structures
derived from the potentials based on self-consis-
tent atomic calculations for the 3d 4s and 3d 4s
configurations differed considera, bly less than

found in Ref. 2. Only by keeping the Sd 4s' orbit-
als fixed and then transferring one d electron to
the s shell a potential was constructed that repro-
duced the very large shifts in the band structure
found in Ref. 2. The results for molybdenum

were similar, and the present calculations for
tungsten show that also in this case the shifts of

the d-band widths are small when the configuration
is changed self-consistently. The d-band width

derived from the logarithmic derivatives is 0. 846

Ry employing potential Vs (configuration 5d'6s').
Comparing this value to that for the Vz calculation
(5d 6s ), where the same exchange factor n was

included, an increase of only 2. 1'P& is found. The

RAP% energy bands were evaluated along symme-

try lines also for the crystal potential Vs. Fur-
thermore, the effect of reducing the exchange fac-
tor a was examined using the 5d 6s' configuration.
Potential Vv includes z= —,

' in the atomic (self-con-
sistent) Dirac-Slater calculation and the crystal
potential. As expected, this reduction of 0. gives
a further broadening of the d-bands (E, -E~= 0. 950

Ry, l = 2). If o. is reduced to —,
' only in the crystal

potential (Va), then the d-band width increases
even more, namely, to 1.151 Ry. Some of the

structure parameters corresponding to the poten-
tials Vs-Vs are compared to those derived for V2

in Table VI.

III. CHOICE OF POTENTIAL

The result of the discussion in this section has
to some extent been anticipated. The band struc-

ture based on the potential with full Slater exchange
and based on the atomic calculation for the ground-
state configuration (Va) has been described exten-
sively. The reason is that this band structure
seems to provide the best fit to the experimental
room-temperature data currently available. In
this section the choice will be further justified by
comparing a calculated optical spectrum to the
experimental results of Nomerovannaya et al. '
Additional support for the choice of potential is
given by the fact that only the low-temperature
analog, V& yields Fermi-surface dimensions in
agreement with experimental results.

Since the Fermi level is close to the center of
the d bands only small changes in the band struc-
ture around the Fermi surface are produced by the
modifications of the potential. Nevertheless, small
shifts influence the Fermi surface near X, and this
sensitivity permits a selection of reasonable poten-
tials. Experiments show' that hole elliposids ex-
ist around N, i.e. , band 3 must be above EJ; at
this point. Further, the onset of interband transi-
tions from band 3 to band 7 near X appears to oc-
cur at 10.1-eV photon energy. These quantities
are summarized in the last two lines of Table VI
for potentials Vz, V&, V6, and V, . Apparently only
the band structures based on Vz and V6 predict the
existence of the hole ellipsoids. The ellipsoids
obtained from the V6 calculation are very small,
and are in fact too small as wi11 be shown below.
The calculated threshold for the 3-7 transitions
around N varies from 10.4 to 10.9 eV, all some-
what exceeding the value deduced from photoemis-
sion experiments. The observed threshold ener-

gy may, however, be slightly low due to errors
in crystal alignment and due to the finite accep-
tance angle of the photoemission analyzer used in

these experiments.
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ThjBI.E VI. d-band parameters and important energy separations calculated
from five different potentials V&, V5, V6, V„and V8 all corresponding to the
room-temperature lattice constant. E~& and E~& denote the d-band center at I'

and 0, respectively; i. e. , E«2= 7'[E(7')+2E(8')+2E(8' )]. The other pararn-
eters are defined in the text.

Potential

Config.
E5(l =2)
E,M =2)
E, (E =2)

Ee)

E+28.~ —E+8
E(r',.) —E(r,',)

E„-E(r„)
Ep —E(3) at X

A (d~
(3-7 at X)

1, 1
5d46s'
0. 527
0. 963
l. 354
0. 828
0. 889
0. 904
0. 929
0. 791
Q. 232
0. 716

—0. 014
10, 6

2/3, 2/3
5d46s

0. 599
1..083
1.528
0. 929
1.001
1.030
l. 054
0. 891
0. 240
0. 782
0. 033

1.0. 4

1, 1
5d'6s'
0. 542
0. 987
1.388
0. 846
0. 905
0. 929
0. 956
0. 810
0. 238
0. 726

—0. 005
10. 9

2/3, 2/3
5d'6s'
0. 620
1.115
1.570
0. 950
1.025
l. 082
1 ~ 085
0. 916
0.242
0. 795
0. 045

10.4

1. , 2/3
5d'6s'
0. 736
1.316
l. 877
1.141

Ry
By
By
By
By
By
By
By
By
By
By
eV

Fermi-surface (see Fig. 7) dimensions calculat-
ed from the potentials V„V~, Vs, V6, and V, are
listed together with results of the size-effect mea-
surements by Boiko et al. ' in Table VII. Since
only V, refers to the temperature (T = 4. 2 K) at
which the actual experiment was carried out, and

because of the slight uncertainty in the exact posi-
tioning of the Fermi level, the comparison be-
tween the experiment and the calculations should
be made by means of the ratios of dimensions in

Table VII rather than by the dimensions them-
selves. Also, possible experimental errors in

the sample thickness determination are cancelled
in the ratios. Table VII shows that the potentials
Vq and Vz give the best agreement with the experi-
ment. The ratios between the Fermi-surface di-
mensions change only slightly if the room-temper-
ature potentials are replaced by potentials con-
structed in the same way but for the 4. 2-K lattice.
This is apparent from the first two columns of

Table VII. Therefore, the experimental ratios
would not be reproduced even if V5, Ve, and V7

were replaced by the corresponding low-tempera-
ture potentials. It is therefore concluded that Vz

is the best potential at room temperature as far
as energy eigenvalues near E~ are concerned.

It remains to establish whether the band struc-
ture obtained from V2 is also correct asvay from
the Fermi level. For this purpose it is pertinent
to compare the calculated optical interband transi-
tion energies with the results of reflectance mea-
surements. As far as static-optical measurements
are concerned we are restricted to a comparison
of functions such as the imaginary part ez(&u) of the
dielectric function, which integrate over all tran-
sitions throughout the entire Brillouin zone rather

than specific energy gaps. The, joint densify-of-
states function

J(h&u) ~ Q d k 5(E&(k) —E&(k) —h&u)
i,g

xf(E,(k)) [& -f (E~(k))], (4)

H HM ENH~ ENp

FEG. 7. Fermi-surface contours for tungsten (quali-
tative sketch).

which sums the transitions at the photon energy
h'u from occupied initial states E,(k) to empty final
states E&(k) is proportional to &2(~)~'—if the di-
pole matrix elements are assumed to be constant.
The Fermi functions f and (1-f) in (4) ensure that
the initial states are occupied and the final states
empty. The APW calculation by Petroff and Vis-
wanathan indicated the matrix elements to vary
strongly with k and energy, but nevertheless the
simple model assuming constant transition prob-
abilities will be adopted here.

The, joint density-of-states function was calculat-
ed in the same way as N(E), i. e. , by a combina-
tion' of an interpolation scheme and the Gilat-
Raubenheimer method. The derived ez(&u) profile
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TABLE VII. Fermi-surface dimensions as calculated from the potentials V&, V&,

V5, V6, and V7. Note that only Vj refers to helium temperature. Therefore, for
V5 V6 and V7 most emphasis should be on a comparison and the experimental
ratios. No ellipsoids exist at N when V5 and V7 are used (see, however, Ref. 52).

Q, G

Config.
temp. T.

Electron
jack
~rH
~rN
~rp

~rN/~rp
~rN/~rH

Hole
ellipsoids
around N

ENr

ENH

ENr/ENP
ENr /~NH

Hole octa-
hedron

OHr

OHN

OHP

OHr /OHN

OHN /OHP

Vi
1, 1

5d46s'
4. 2 K

1.018
0.427
0.389
1.10
0.42

0.124
0.173
0. 106
0. 72
1.17

0. 779
0.610
0.477
1.28
1.30

Vg

1,1
5d'6s'
300 K

1..016
0.409
0. 372
1, 10
0.40

0.087
0. 120
0. 075
0. 72
1.16

0. 773
0.604
0.478
1.28
1.30

V5

2/3, 2/3
5d46s'
300 K

1.022
0. 365
0.334
1.09
0. 36

0. 795

V6

1, 1
5d56s'
300 K

1 ~ 029
0. 341
0. 347
0. 98
0.33

0.050

V7

2/3, 2/3
5d'6s'
300 K

1,016
0. 334
Q. 322
l. 04
0. 33

Experiment
Ref. 13
4. 2 k

1.09 ~ Q. 02 A-'

0. 46+0 01 A-'

0.41+0.01 A ~

1.12
0. 42

0. 143+0.004 A '

0. 195+ 0. 006 A ~

0. 121+0.004 A. '

0. 73
1.18

0. 75+0. 015
0. 60+ 0. 01
0. 50 ~ 0. 001
1..25
1.20

is shomn in Fig. 8, together mith the experimental
trace obtained by Nomerovannaya et al. ' The cal-
culated spectrum has been scaled vertically such
that it coincides with the measured Ea function at
one single point Sz = 0. 5 eV. No energy shift or
other adjustments mere made. In view of the crude
approximation concerning the matrix elements it
is not surprising that the line shapes are not well

reproduced. Nevertheless, in the energy range

where the measured &2 function is available, agree-
ment is found between the spectral positions of the

pronounced elements of structure in the two

curves. It may therefore be concluded that the

band structure (potential V~) shows good agreement
with the optical experiment for excitation energies

up to 5 eV. At present, only photoemission exper-
iments provide data at higher photon energies for
comparison. The accuracy of the band structure
in this range will be discussed in detail subse-
quently.

It is generally not possible'~ to relate peaks in

&2(u) to specific critical points in the band struc-
ture in a, unique way, but to some extent we can
analyze the various contributions to each peak mith

respect to the band pairs and regions in k space
involved. For that purpose each of the partial
joint density-of-states functions '~

Z&z(K&u) was plot-

ted, J;& being the contribution to the joint density
of states from transitions between the initial band

i and the final band f. In the range of photon ener-
gies appl. ied in the experiment, i.e. , for Scu &5 eV,

&z has contributions from as many as 10 band pairs,
namely, (i,f) = (I, 3), (2, 3), (2, 4), (2, 5), (2, 6),
(3, 4), (3, 5), (3, 6), (4, 5), and (4, 6). These func-
tions are shown in Fig. 9. No interband transi-
tions occur below 0. 35 eV, where the onset of
4- 5 transitions is found. This edge corresponds
to the SO gap between band 4 and 5 at n. (Fig. 2).
The structure found experimentally" at 0. 08 eV
therefore cannot be explained in terms of inter-
band transitions in the present band model. Since
the present band model has been shown to be accu-
rate near 8+the tentative assignment made in Ref.
17 of this structure to transitions between band 3

and band 4 near a G point cannot be supported.
Folloming the calculation such transitions should
occur for Ro slightly above 0. 5 eV. The 3-4
transitions start at Sco = 0. 50 eV and the edge cor-
responds to the parallel-band transitions between
these two SO-split bands in a region around the
6 line. This means that the present calculation
of the 3-4 and 4-5 onset edges agrees well with

the interpretation in Ref. 17 of the structures in

the conductivity observed at 0. 33 and 0. 4 eV,
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3S-
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'

RAPW W 300 K
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32

28-

24-
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20-
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0 1 2 3 4 S S 7 8 9 10
PHOTON E NERGY (eY)

FIG. 8. &2{~) spectrum obtained {full line) from the

joint density-of-states function derived from the V2-

band structure. The broken curve was obtained from the
experimental nag) and k{~g) values given in Ref. 17, n

and k being the real and imaginary parts of the refrac-
tive index.

with the reservation that a peak in the conductivity
does not give the spectral position of an edge. The
same band pairs (3, 4), (4, 5) are also responsible
for the structure around 1 eV. It is interesting to
note that even the small peak on the ea(&o) function
observed at 1.35 eV is present in the calculated
curve. At higher energies, five clear structure
elements labeledA, B, C, D, and E in Fig. 8 ap-
pear in the calculated e& trace. Although the ma-
trix elements were assumed to be constant in the
calculation it appears reasonable to identify these
five structure elements with those labeled A', B',
C', D, and E' in the experimental trace. The
structure F' between C' and D' in the experimental
curve is tentatively related to the shoulder on the
low-energy side of peak D in the calculated &3

function. With this assignment it follows from an

examination of the partial joint giensity-of -states
functions (Fig. 9) that A (A) is due to a large num-

ber of transitions between band 4 and 5 around
1.7 eV. The maxima B and B' coincide at 2. 2 eV,

and this structure is essentially due to transitions
between band 4 and 5. C' (C) at 2. 4 eV contains
the sharp peak of J48. The structure in J~4 at this
energy will be enhanced in the &~ spectrum due to
the factor 1/&o . The low-energy shoulder of the
D hump that was related to the peak F' at 2. 75 eV
most likely is due to 3-5 transitions. The first
distinct peak at 3. 0 eV in the D hump is due to
2- 5 transitions (note the scaling of the J,&

curves
given in the right-hand corner of Fig. 9). This is
not expected to show up clearly in the experimental
trace since it reflects forbidden d-d transitions
near I'. The major contributions to D come from
the 3-4 transitions. A strong peak extends from
3. 15 to 3.30 eV, where two clear Van Hove singu-
larities are in J34. The singularity at 3.30 eV is
related to parallel-band transitions at a critical
point of type M2 at the Z line. This gap is in-
creased to 3.80 eV if potential Vs is applied and
thus D would in that case be located at a spectral
position which is above the experimental D . Since
the potentials V„V„and V8 all give d bands that
are wider than those obtained from Ve it follows
that the discrepancy between calculation and ex-
periment becomes even worse when those poten-
tials are used. The weak structure E' (E) at
4. 25 eV is ascribed to 2 - 4 transitions.

It may be concluded that only one of the poten-
tials examined agrees with experimental results.
This is Vz, i. e. , the potential based on the ground
state configuration in the atom and with inclusion
of full Salter exchange. The band structure de-
rived from this potential agrees with experimental
results at the Fermi level E~ and at least up to
5 eV away from E~. The other models fail in both
respects. Although the band structures so far
have not been tested beyond F&+ 5 eV we decided
to apply the band structure selected as the best
one from the above criteria in an analysis of di-
rectional photoemission experiments.

IV. PHOTOEMISSION SPECTRA

The relevance of the calculations presented in
this section to photoemission experiments~3 rests
on the assumption that surface and volume con-
tributions to the photoemission spectra can be
separated. The validity of such a separation into
one part that solely reflects bulk properties and
another related to surface properties is not en-
tirely justifiable since there may be a gradual
transition between the two types of mechanisms
when the surface is approached from the bulk. If,
for instance, bulklike excitation mechanisms apply
even close to the surface the dipole matrix ele-
ments may be influenced by the detailed shape of
the surface potential function. Since these matrix
elements constitute a squared factor in the transi-
tion probability it is obvious that cross terms be-
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tween crystal and surface potentials exist and a
strict decoupling of the two cannot be performed.
However, in the experimental work of Ref. 23 it
is shown that a phenomenological separation ap-
pears to be justified in the case of tungsten.

In this section various calculations related to
bulk and surface contributions to photoemission
spectra are presented. It is left to Ref. 23 to
select what parts are most likely to contribute to
the experimental traces. Full solid-angle spectra.
as well as spectra for particular emission direc-
tions relative to low-index crystal faces are pre-
sented.

A. Bulk contributions

Experimentally recorded full solid-angle photo-
emission spectra have often been successfully in-
terpreted in terms of simple models assuming that
mainly bulk electronic properties are reflected.
These models consider the photoemission process
as consisting of three steps; excitation from an
initial-band state to a final-band (i. e. , bulk) state,
transport of the hot electron toward the surface,
and finally emission through the surface. Two
different types of excitation processes have been
considered, namely "nondirect" and "direct" tran-
sitions. In the "nondirect" model it is as-
sumed that k conservation is not important during
the excitation. The "direct" model requires con-
servation of crystal momentum, i. e. , the reduced
k vector of the final state is the same as that of the

initial state, apart from the negligible small wave
vector of the photon. Early photoemission data

55 ~

for copper and silver were explained &n terms of

the nondirect model. More recent experiments
with improved resolution demonstrated that at
least for gold and copper the direct model should

19,81,57 63give more satisfactory agreement. '

If k conservation is unimportant, the number of
electrons excited from the initial energy E; by
photon with energy h&u, D(E, , K&@) can be written

D(E;', K(u)o-'p; (E;)pq {E;+h(u), (6)

where p& and p& are the initial and final "optical
density of states. "' ' They differ from the usual
density of states N(E), because of the included
transition probabilities and Fermi factors and due
to many-body effects. In contrast the energy dis-
tribution in the direct model including k-dependent
matrix elements is given by

D(E';, h&u)~ Pfd'k 6(E~(k) —E,.{k)—he@)
i,X

x6(E', —E,(k)) M, ~.~'

xf(E,) [i —f(E~(+g~)j .

The first P function picks out the energy differ-
ences in the band structure that equals the photon
energy whereas the second ensures that only

0those transitions that have an initial energy E; are
counted. The factor jM;& j is the transition prob-
ability. The function D(E;, lou) as defined by Eq.
(6) would, if the dipole matrix elements were con-
stant, essentially be the energy distribution of
joint density of states (EDJDOS), referring to in-
itial energy.

If the variation of the matrix elements with k
and energy is neglected the functions D(E„h'&u) a.re0



2362 N. E. CHRISTENSEN AND B. FEUERBACHER 10

RAPW W 300 K RAPW 300K W EGJOOS
v —modulation
k

f~ I'q

N(E)
rq l

I
I

I
/

(eV)

10,0

9.0

8.0

(ev}

l 0.2

9.0

FIG. l0. Energy distri-
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excited electrons. The
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easily obtained from the band structure. Figure
10 shows the distributions corresponding to the
two models, the nondirect (a) and the direct (b).
All curves have been folded by a Lorentzian of
0. 3-eV full half-width. The dashed line in Fig.
10(a) shows the density of initial states lV(E). It
is seen that the D(E„K&o) functions for both direct
and nondirect models differ considerably from
N(E). Even in the nondirect model many features
appear in the D(E„K&u) functions due to structure
in the density of final states, which is particularly
pronounced in tungsten. The vertical bar indicates
structure related to the strong peak I' in Fig. 3.
The EDJDOS functions, i. e. , D(E~„K&@) correspond-
ing to direct transitions change their shape dras-
tically as the photon energy is varied. Only at
some particular photon energies, say around 10
eV, it is clear that structure is found which is a
common feature of N(E) and the two D functions.
To some extent final-state structure in Fig. 10(b)
has been attenuated '"' by an extra factor I vg )

= I HEI(%) i in the integrand of Eq. (6). This fac-
tor was included to take account of the final-state
group velocity effects on the transport of excited
electrons out of the crystal.

If the distributions D(E„K&o) shown in Fig. 10
are multiplied by a threshold function, emission
spectra as shown in Fig. 11 are obtained. These
spectra do not contain any directional effects, and
should be related to large acceptance angle mea-
surements on "true" polycrystalline samples. It
is important to note that a full-angle emission mea-

surement on a single crystal does not correspond
to such spectra since the internal excitation cone
angle is smaller than 180' due to the finite work
function. This may be seen by comparing Fig.
11(b) to Fig. 12, where, in the latter, the direct-
model spectra for Kr «10. 2 eV from the three
low-index faces covering all external angles are
shown. Comparing the 10.2-eV spectra in Figs.
11{1)and 12 it is seen that the broad hump on the
low-energy side (-6 to —4 eV) has disappeared in
the (110) and (111) traces. The two main peaks
are pronounced in all curves. The (110) energy-
distribution curve {EDC) as measured by Baker
and Eastman for Kr = 16.8 eV is shown as the
broken curve in Fig. 12. The spectral position of
the peaks ~n the experimental trace agrees well
with the predictions from the direct model calcula-
tion. However, a comparison to the dashed curve
in Fig. 10 demonstrates that the experimenta)
EDC agrees equally well with the overall broad-
ened density of states, N(E) Comparison t.o the
experiment in this case therefore provides no
critical test of the emission model and the band
structure in the high-energy region.

Photoemission spectra will to some extent re-
flect the functions D(E, , 8'w) defined above. How-
ever, the measured spectrum will strongly depend
on the experimental arrangement. As a first step,
we consider the case in which the calculations are
to be compared to experiments where the excitation
is as general as possible, i. e. , the light is un-
polarized at oblique incidence on the sample and
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spread over a large cone of incidence angles. In
the free-electron model, normally incident light
does not produce any photoemission' Further,
we may choose an experiment that detects only
electrons in a narrow cone, such that for single
crystal samples the recorded spectrum depends
sensitively on the emitting crystal plane and on
the acceptance angle of the analyzer system.
Therefore, in addition to the results shown in Figs.
11 and 12, calculations will be presented that are
related to two different types of measurement tech-
nique; one in which all electrons emitted within a
certain cone around the surface normal are count-
ed, and the other in which only the electrons emit-
ted in directions between two cones defined by the
angles P+4P and 4 —bP measured from the sam-
ple normal are detected. The latter experimental
arrangement is similar to that used by Gustafsson,
Nilsson, and %alldhn~ in their measurements on
silver. The first type of measurement technique,
or the second with Q = 0 is used in the experiments
described in Ref. 23.

If the crystal lattice is perfect in the bulk and

at the surface in the sense that the periodicity in
directions parallel to the surface is the same as
in the bulk, then the component of the wave vector
parallel to the surface is conserved during the
electron emission process. ' Note in this con-
text that it is the wave vector of the final excited
state in the crystal that should be matched in this
way to the external momentum. The present cal-
culations do not include the so-called "secondary

cones, " i. e. , contributions due to an accurate
matching to the external wave functions that re-
quires the inclusion of components of the interior
wave functions corresponding to %+ G„G~ being
reciprocal-lattice vectors. The omission of such
umklapp processes may be particularly serious
for the calculated (111) spectra. As shown in Fig.
1, a reciprocal-lattice vector of the (1, 1, 0) type
connects points on the continuation of a A line
outside the Brillouin zone to points on a PH line.
The present model where all umklapp processes
are neglected is further discussed in Ref. 23.

The approach which is followed here to obtain
the angular distribution of the emitted electrons is
then straight forward. The kinetic energy E„,„of
an electron with momentum p outside the sample
is P /2m, and for a, certain kinetic energy and
emission angle Q —see Fig. 13—the parallel mo-
mentum p„ is obtained by projection on the surface
plane. The kinetic energy is related to the initial-
state energy E, through

E, +g(d =E~+ W+Eqq, , (7)

where S' is the work function, and F, and &z are
measured from a common reference. The func-
tions D(E„flu) defined earlier give the total num-
ber of electrons excited from the initial energy
level E; to final states with energy &;+ha. Only
a part of these electrons appear outside the crys-
tal with momenta. p on the cone defined by fI|. Only
those transitions for which the crystal final-state
energy satisfies Eq. (7) and the k vector has a
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FIG. 12. Full angle di-
rect EDC's for (100), (110),
and (111)faces for the pho-
ton energies 10.2, 10.9,
11.6, and 16.8 eV. The
spectra were calculated in
the same manner as those
shown in Fig. 14. The
broken curve represents
the experimental trace ob-
tained by Baker and East-
man (Bef. 65) at 16.8 eV.
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parallel component equal to ~p„) in magnitude can
contribute to the spectrum detected in the direc-
tions defined by ft) and corresponding to a specific
initial state energy.

Figures 14 and 15 show the emission spectra
calculated within the direct model for different
acceptance angles and crystal faces [(100), (110),
(111)]. For each face the experimental value of
the work function was used, namely, 4. 3 eV for
(100) and (111)and 5. 1 eV for the (110) face. In
Fig. 14 the emission curves for certain aeeeptance
angles are shown, simulating an experiment where
only those electrons emitted within a cone are de-
tected. Calculations for only one photon energy
(K&o =11.6 eV) are shown as illustration, but they
have been performed for several energies rang-
ing from 10 to 16.8 eV. The spectra ' in Fig. 14
vary drastically with the analyzer acceptance angle.
Although a half-cone angle of (t) = 30 might be con-
sidered large, the spectrum is in some cases en-
tirely different from the full-angle trace (compare,
for instance, the calculated emission from the
(100) face in Figs. 12 and 14). This means that a
comparison between an experiment with restricted
but unspecified acceptance angle to a full angle
theoretical calculation is meaningless. The fact
that the (111)spectra seem to be rather insensitive
to the change in acceptance angle (Fig. 14) is par-
ticular to the photon energy Ko =11.6 eV, where
the strong" —3. 5-eV peak dominates. The maxi-
mum value of the (ill) curve for p =15' is in ar-
bitrary units 6771, whereas the largest (100) peak
is only 629 on the same scale. Fine structure is
therefore strongly suppressed in the (111)curves.

E,(k) gk

Ea1n= P 2
rk

ik

W

FIG. 13. Momentum of the final electron state inside
(k) and outside (p) the crystal. The surface normal is
indicated by n. Bight-hand part shows the energy dia-
gram. E„is the vacuum level, EJ; the Fermi level, and
W the work function. The kinetic energy of the emitted
electron is designated E1,fg.

If the experimental arrangement is changed such
that only electrons emitted in directions between
the cones with half-opening angles (t)- bP and
(II) +d (II) are counted, a further restriction is im-
posed on the region in k space that contributes.
Therefore, the shape of the recorded spectra will
be different again from those in Fig. 14. This is
clear from a comparison between the calculations
presented inFigs. ,14 and 15, especially for @=45'
relative to the (100) normal, which is entirely dif-
ferent for the curves shown in Figs. 14 and 15.

%'e now turn our attention to the emission in
directions that are normal (P = 0) to the three low

index planes. In the direct model such a spectrum
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FIG. 14. Direct-model
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electrons emitted in a cone
with half angle P are in-
cluded, P being measured
from n (Fig. 13).
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is related to the one-dimensional energy distribu-
tion of the joint density of states along the sym-
metry line corresponding to the emitting surface
plane. Since the experimental arrangement itself
must half a finite acceptance cone angle (hQ) this
has been included in the present calculations. Fig-
ure 16 shows such direct EDC's for the (100) face.
A half-angle hp of 6' was used in order to account
for a total acceptance angle of 12 in the experi-
ment described in Ref. 23. At low photon energies

(Ku & 12 eV), only structure between —6 and —6

eV is predicted. The direct transitions that are
responsible for this occur from the maximum of
the lowest band (Fig. 2) halfway between I' and H;
For higher photon energies transitions from the
higher bands are possible, and a strong peak be-
tween —2 and —1 eV appears ~ The spectral posi-
tion of this peak in the measured spectrum depends
sensitively on the acceptance angle. This is dem-
onstrated by the broken curve in Fig. 16 repre-

RAPW W {100}P L ANE

W~43 eV M»6eV
{,'l10) PLANE

W 5.1 eV h~ 11,6 eV

(1'll} PLANE

W 4.3 eV %=11.6 eV

FIG. 15. Direct model
EDC's for h~g =11.6 eV.
Only those electrons that
are emitted in direction
ft) +b,$ are counted, where
ft) is a half-cone angle mea-
sured from the surface nor-
mal,

I

-8 -6 -4 -2 0
E; — Ep (eV)

I

-8 -6 -4 -2 0

E; — E~ (eV)-
-8 -6 -4 -2 0

E; — Ep.{'V)
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gies ranging from 10.2 to 13.0 eV. It is seen
clearly how the previously mentioned strong —3. 5-
eV peak grows out of the spectrum for 5(d near
11.5 eV, whereas two distinct peaks dominate the
EDC's for higher energies (5u =12.2 eV). A more
thorough discussion of these results is given in
Ref. 23 where the calculations are compared to
experimental spectra.

Figure 19 shows for comparison the nondirect
model calculations of EDC's for normal emission
from the (100), (110), a.nd (ill) faces. A nondi-
rect spectrum for the experimental arrangement
considered here essentially consists of the product
of the density of states for energies below E~ cor-
responding to the entire Brillouin zone and the one-
dimensional density of final states along the sym-

I I I I I . i I

RAPW W DIRECT MODEL.
110 PLANE. /=0
W=5.1 eV

I
r

12o I \

1 1.4

10.9

-9 -8
6

-7 -6 -5 -4 -3 -2
E. —E, {ev)

16.S
e

Ay'
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1 2,2 6

FIG. 16. Energy distribution curves calculated within
the direct model for emission normal to a {100}face. A

finite acceptance angle of 12' has been assumed in all
cases except for the broken curve which represents the
16.8 eV spectrum with increased acceptance angle {24').

11.4 6

11.2

senting the 16.8-eV EDC for AP = 12'. The peak
moves by 0. 3 eV if the acceptance angle is doubled.

The work function for the (110) face is 5. 1 eV.
This means that the vacuum level falls 0.8 eV be-
low the gap between band 6 and band 7 at N (Fig.
2). Therefore, the direct model predicts that no

photoemission should be observed in the [110]di-
rection if the photon energy is between S.4 eV and

ff~„, as defined earlier (Table VII). The onset
energy is in the presently selected band structure
10.6 eV. For higher excitation energies, a peak
is found right below EJ;, as shown in Fig. 17. It
corresponds to transitions from band 3 to band 7
near ¹ The extra peak appearing as a shoulder
for @co= 11 eV is due to 3-8 transitions.

The energy-distribution curves for (111) emis-
sion have also been calculated within the direct
model and are shown in Fig. 18 for photon ener-

1 0.9

10,$, 6

-9 -8 -7 -6 -5-4 -3 -2 -1 0
E; —EF {eV)

FIG. 17. Direct model EDC's for emission normal to
a {110)face. The quantity Aft) is the half acceptance cone
angle. The direct model predicts that no emission should
be observed for photon energies between 9.4 and 10.6 eV.
The lowest curve represents the calculated emission at
the threshold energy {10.7 eV) and corresponds to transi-
tions from band 3 at the Fermi level to band 7 near the
symmetry point ¹
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FIG. 18. Direct model
EDC's for the (111)face
for photon energies between
10e2 and 13.0 eV.
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metry line corresponding to the emission plane.
No smooth cutoff functions have been applied, and

only emission exactly normal to the surface is
considered„ i. e. , b,f =0.

The one-dimensional density-of-states functions
for each of the lines [100] (b, ), [110](Z), and [111]

(A) are presented in Figs. 20-22, where they are
marked DOS. Little attention should be paid to the
heights of the peaks since they all should be real
infinities. The origin of the various peaks in the
band structure may easily be established by com-
paring to Fig. 2. The numbers labeling each peak

100 110

,'11.6 eV

102 eV

10.2

~!
16.8 eV

'1
/

I (I

118 eV It
'',

,
j

J
10.2

FIG. 19. Non-direct dis-
tribution curves for emis-
sion normal to the three
low-index faces. No
smooth cutoff has been em-
ployed. Only emission in
the normal direction (P = 0)
is considered. The func-
tions have been calculated
as products of initial and

final densities of states,
where the density of initial
states has been obtained by
integration over the entire
Brillouin zone and final
density of states was taken
one dimensional.
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FIG. 20. One-dimensional density of states {DOS)
along (100) symmetry lines. The curve labelled SDOS
is the surface density of states. The density-of-states
functions in Figs. 20-22 are unbroadened, whereas those
applied in Ref. 23 have been fol.ded by a Lorentzian of
0. 2 eV full half-width.

The same is predicted from the nondireet model
as shown in the center panel of Fig. 19, except for
a low-energy peak due to 6-eV final state. This
lack of photoemission within the bulk models is a
consequence of the large conduction-band gap along
the I'N symmetry line (Fig. 2}, since there are no
final states available for transitions to occur, con-
sidering emission normal to the surface only. The
experimental. spectra, however, do not show a
deficiency of normally emitted electrons in the
above energy range as predicted by the bulk models.
It is therefore concluded that another emission
mechanism contributes to the observed spectra,
and a likely explanation is that this is associated
specifically with a surface effect.

The excitation and transport of excited elec-
trons which was considered a three-step model
for bulk emission is no longer relevant for excita-
tion at the surface. Recent theories66 6 have
treated photoelectric emission as a one-step pro-
cess, and it has been shown' that surface emis-
sion should reflect only the occupied part of the
electronic level density at the surface, including
surface states. Recent calculations' predict the
existence of surface states on the (100) face of
tungsten in the s-d gap. These have not been ob-
served experimentally. Photoemission experi-

RAPW W

(110} LINE

refer to the band number that produces the peak.
It is interesting to note that in all three DOS func-
tions a clear gap is found in the final-state region.
This gap extends from 7 to 9 eV above the Fermi
level at the 4 line, from 6 to 10.6 at Z and from
8. 2 to 9.4 eV at the A line. Such gaps are expect-
ed to show up clearly in the part of the experimen-
tal photoemission spectra which is due to inelas-
tically scattered electrons'. Observation of

these gaps therefore provides (together with mea-
surement of 8'&u„, } a critical test of the band struc-
ture far above ~+.

SDOS

3 23 5 456

OOS

B. Surface contributions

Experimental evidence ' ~ shows that the ob-
served photoelectric emission from tungsten can-
not solely be attributed to bulk effects. This may
be illustrated using the calculated data for the

(110) face. The direct model predicts no photo-
emission normal to the (110) face for excitation
energies between 9. 4 eV and the energy Ro„,=10.6

eV which is the energy for transitions from the
Fermi level to band 7 near the symmetry point ¹

. L.
-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14

ENE RGY E (eV)

FIG. 21. One-dimensional density-of-states {DOS) and
surface-density-of-states {SDOS) functions along the Z

(110) directions.
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quent comparison and good agreement with experi-
mental results.

The second moment p, z of a, density-of-states
function N(E) essentially represents the square of
the rms bandwidth. It is given by

E N(E)dE,

where the energy is measured from the band cen-
ter. In the tight-binding model the second mo-
ment of the d states is approximately '

2 2, 3

23

4

5,6
4, 5

OOS

8,9 8

pa= g n;[d do(i)+2ddw (ai)+2dd5 (ai)],

where n, is the number of neighbors of the ith
shell. The three two-center overlap integrals
ddcr, ddt, and ddt are defined in Ref. 82. In a
bcc lattice only nearest and next-nearest neighbors
contribute significantly to p» so the sum (9) only
contains terms withi =1 and 2. The rms width of
the d bands is then

W, (rms) ~ (n, +sana)' ', (10)
I

-10 -8 -6 -4 "2 0 2 4 6 8 10 12 14

ENERGY E (eV)

FIG. 22. One-dimensional density-of-states (DOS) and
surface-density-of-states (SDOS) functions along the A

(111)directions.

with n, = 8 and nz= 6 for the bcc lattice. The weight
factor so& is in the simplified tight-binding model
above

ddoa(2) + 2ddwa(2) + 2dd 5'(2)
ddoa(1) + 2ddw'(1) + 2dd5a(1)

'

ments ' do seem to indicate, however, the exis-24, 77

tence of a "surface resonance" at the (100) face
associated with the spin-orbit gap close to the
Fermi level, in agreement with field emission
experiments. The present work does not include
a calculation of such surface states. However, an
attempt is made to derive a surface density of
states, which is not identical to the bulk state den-
sity, based on a simple model, in order to allow
a comparison to the surface contribution to photo-
electric emission from tungsten.

Calculations of a surface density of states have
been presented by Kalkstein and Soven and by
Haydock and Kelly. It is not expected however,
that a similar treatment is applicable to a material
like tungsten so as to predict sufficient structure
in the surface density of states as to allow a mean-
ingful comparison to experimental spectra. The
approach taken here is simply to deduce surface
densities by a scaling method which accounts for
the narrowing of the d bands due to a reduced over-
lap between neighboring atoms. Scaling factors
are deduced from the moments method ' for the
calculation of the density of states. The crude
model applied here artificially conserves all
structure in density-of-states function as the sur-
face is approached from the bulk. The justification
for such a simple calculation is given by subse-

+eb s ~~ib e + ~2+Eh (12)

the subscripts 5, s referring to "bulk" and "sur-
face, " respectively.

Another factor that might influence the surface
density of states is the surface relaxation, i. e. ,
effects due to a lattice spacing normal to the sur-
face that is different from the lattice spacing in
the bulk. Tentatively it has been suggested that
the lattice is expanded by roughly 10$ to the (100)
and (110) surfaces, and 5% for the (111) surface
If this is true the effective d-d overlap near the

The ove "lap parameters have been deduced by
fitting the tight-binding model (without spin-orbit
coupling) to the nonrelativistic APW band structure
calculated by Mattheiss (potential V, ), a.nd using
them in Eq. (11) we found wz=0. 27. An estimate
by Haydock and Kelly suggests that the six next-
nearest neighbors in the bcc lattice roughly are
equivalent to 1.6 nearest neighbors, which also
implies so&=0. 27. This exact agreement between
the two results for mz is fortuitous; a calculation
of are from Eq. (11) for other bcc transition metals,
Mo, Fe, Cr, and other W band structures, gave
values ranging from 0. 18 to 0. 30.

The surface density of d states is obtained by
scaling the bulk d-band energies by (n„/n, ~)'~a

relative to the "center of gravity. " The "effective
number of neighbors" is given by
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surface is further reduced. The relaxation effects
could have been included in the present model if
we had calculated 8'„ for lattices deformed in the
[100], and [111]directions. In view of the inaccu-
racies already inherent in our model an even sim-
pler approach was taken. The relaxation narrom-
ing was estimated from the hydrostatic deforma-
tion calculations (Fig. 4). The d-band narrowing
factor, fs, has been obtained from Fig. 4, using
the entry b.a/a equal to the relative change of the
lattice constant due to relaxation multiplied by the
relative number of nearest neighbors displaced.
The estimated d width W~, at the surface is then
given by

w„= W,f„(n„/n„)'" . (13)

The parameters fz, n„, and nz, are summarized
in Table VIII. The one-dimensional surface den-
sity-of-states functions as derived from the model
described above are shown as the curves labeled
SDOS in Figs. 20-22. The relaxation effect is
most important for the (100) face. Realizing the
uncertainty in fe we have therefore also shown
(with a broken line in Fig. 20) a part of the SDOS
function corresponding to f„=1, i. e. , a calculation
excluding relaxation effects,

V. SUMMARY AND CONCLUSIONS

The electronic energy-band parameters for
tungsten have been examined for eight different
crystal potentials (Table I). Four of these poten-
tials V&, Vz, V3, and V4 mere constructed in the
same way, but refer to different lattice parameters.
The temperatures corresponding to three of those
lattices are approximately T =4, 2, 300, and 2150
K. The remaining four potentials all refer to
room temperature, but differ mith respect to the
exchange term and the electron configuration.
Among the potentials Vz, Vz, Vz, V„and Vs it
was possible to select one, V2, that leads to the
best room-temperature band structure. This
selection was made by comparing the calculated
e~(&o) profile to results of optical experiments cov-
ering photon energies up to 5 eV. The energy
bands at the Fermi level obtained from V&, which
is the low-temperature analog to Vz are shown to
agree with the results of rf-size-effect measure-
ments. In particular, the hole ellipsoids centered
at the symmetry points N have dimensions that de-
pend critically on the potential. Low-temperature
potentials constructed in the same manner as V~,

V7, and Ve lead to Fermi surf aces that disagree
with experiments not only quantitatively but also
qualitatively. The a d hoc muff in-tin potentials
that in this way mere shown to yield the best band
structure of tungsten mere obtained from relativ-
istic Dirac-Slater atomic wave functions calculated

TABLE VIII. Parameters related to the simple model
for obtaining the surface density of states. The number
of nearest and next-nearest neighbors to a surface atom
given by n» and n2, and f& is the relaxation narrowing
factor.

(100) (110)

n»

!
~1g + 2~& 1/2

tl(y + QP262r,

0. 89

0. 745 Q. 857

0. 94

0. 707

for the ground state configuration 5d 6s . Full
Slater exchange was included in the atomic as well
as in the muffin-tin potential.

The band structure of tungsten mas calculated
by means of the relativistic augmented plane wave
method, and it covers the entire Brillouin zone.
Density-of-states functions, joint density of states,
and photoemission spectra were derived from this
band structure. The &z(&u) spectrum allows an in-
terpretation of the optical reflectance measure-
ments although the variation of the dipole matrix
elements with k and energy has not been taken into
account. A comparison of the density of states at
the Fermi level to specific-heat measurements
suggests an aPParent electron-phonon enhancement
of the thermal mass of (10-20P&. However, in
viem of large experimental uncertainties this re-
sult is of little importance in a test of the band
structure.

The strain response of the band structure has
been obtained by comparing the calculations for
four different lattice parameters a. The d-band
width scales approximately as a ', The tempera-
ture coefficients for some particular energy gaps
were estimated from the strain responses. The
thermovariation of these gaps increases rapidly
with temperature. At room temperature the tem-
perature coefficient dE~/dT for the 1-6 transition
at N is estimated as —8x10 5 eV/K, whereas its
value at T = 1300 K is —4. 8 x 10 4 eV/K.

The present calculations serve as a basis for
interpretation of directional photoemission experi-
rnents. For this purpose detailed calculations of
the angular dependence of photoemission spectra
have been performed. Energy distribution func-
tions were derived from the band structure assum-
ing conservation of the momentum component par-
allel to the surface during emission. Secondary
cones have not been included in the calculated
spectra. The EDC's for different acceptance angle
but fixed photon energy obtained in this way depend
sensitively on the cone angle. This has conse-
quences not only for photoemission experiments
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on single crystals, but also if polycrystalline
films are used since evaporated samples often
exhibit a pref erred orientation. Calculations of
the EDC's were performed within the nondirect as
well as the direct model. Only in one case, name-
ly, for full angle emission from the (110) face with
@co = 16. 8 eV the calculated EDC's have been com-
pared to experiment. In this particular case it
seems that both bulk models agree equally well
with the experiment with respect to the spectral
position of the structure elements in the EDC. It
follows, however, from the analysis of the direc-
tional EDC's in Ref. 23 that no evidence for non-
direct transitions is found.

Calculations related to emission in directions
normal to the (100), (110), and (111)faces have
been studied in particular. The most significant
result in this context is that neither the direct nor
the nondirect model predicts any essential emis-
sion from the (110) face for 9.4 eV &)I~ & 10.6 eV.
This implies that emission observed in this direc-
tion and for photon energies below the onset at
10.6 eV cannot be interpreted in terms of simple
three-step processes in the bulk. It should, how-
ever, be emphasized that this conclusion is drawn
from calculations that neglect secondary cones.
It remains to be examined whether such higher
order cones can contribute with sufficient intensity
in the emission gap.

The calculated band structure exhibits gaps at
the three symmetry lines 4, Z, and A at high en-
ergies The (1.00) gap extends from 7 to 9 eV, the
(110) gap from 6.0 to 10. 6 eV, and the (111)gap
is between &. 2 and 9.4 eV, all energies being mea-
sured from the Fermi level. These gaps are ex-

pected to manifest themselves in that part of the
photoemission spectra which is due to inelastically
scattered electrons. Secondary electron emission
spectra should also show these gaps. Such experi-
ments thus provide tests of the band structure in
the high-energy regime.

Parts of the photoemission spectra have been
related to surface emission, which is considered
as a one-step process where the electrons are ex-
cited from initial states near the surface directly
into a vacuum state. These electrons carry infor-
mation on the surface density of states (SDQS), and
therefore estimates of such functions have been in-
cluded here. The SDOS functions were calculated
using a crude model that scales the d-band width
by the square root of an effective number of neigh-
bors to the atom considered. Further, crude es-
timates of relaxation effects were obtained from
the strain responses. It is not clear how large the
relaxation of the tungsten surfaces is, but tenta-
tively we adopted the following values for expan-
sion normal to the three faces, 10/q for (100) and
(110), and 5% for the (111)face. This relaxation
alone produces a narrowing of d-states which is
approximately 11, 5, and 6/, at the (100), (110),
and (111)faces, respectively. In addition the d-
bands at the surface are further narrowed due to
the r educed number of neighbors. In the pr es ent-
model this narrowing alone amounts to 25, 14,
and 30$, for the (100), (110), and (111)faces.
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