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the incommensurable displacement profile (1):

I. g, f (P.-„(0)P.-„(t))e'"dt,

n =A, y. (5b)

Using the fluctuation-dissipation theorem, one
finds the amplitudon contribution I~ as

A 3/2 [2/(T T)I1/2s I)

and the phason contribution I~&I„as

I, (kT)~ "'rg~.

(5c)

(5d)

Here 6 = const is the gap in the phason spectrum,
and I' the damping of the harmonic-oscillator-
like phason and amplitudon modes. We assumed
that &u„(k = 0) and 6 are much larger than the nu-
clear Larmor frequency c l L. If, however, & & &L
one finds I~~(.lL '". For Raman processes, on
the other hand, we have

7', 'Q) [x'Z, + (l -x')'Z, ], (ea)

Q =A~+~ (5b)

and where the frequencies + are given by ex-
pressions (2a) and (2b). Here too J„decreases
with increasing (TI —T)'" whereas J~ is not crit-
ically temperature dependent and—except at T
=T, is larger than J„.

The observed x dependence of T, seems to give
a better fit with the "direct" than the "Raman"
mechanism though no definite conclusions can be

where the spectral densities J are always inde-
pendent of vL.

(kT)'
2

&u (k=0) '"

made.
The x dependence of T, also allows us to deter-

mine I~ and I~ separately. I„continuously de-
creases on cooling from T, into the C phase,
whereas I~ is temperature independent in the I
phase and changes discontinuously at T,. A com-
parison between the experimental and theoretical' Rb T, data in the I phase of Rb, ZnC14 thus dem-
onstrates the existence of a phason contribution
which is—for x = 0—rate determining over the
whole I phase. The Larmor frequency indepen-
dence of T, shows the presence of a small gap
4—which is somewhat larger than +„—in the
phason spectrum. An analogous phason mode has
been observed by "Rb spin-lattice relaxation as
wel] in Rb, SnBr4. '
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date, by the use of advanced experimental and
theoretical techniques, much progress has been
made in understanding the origin and character

photoemission indicates that the formation of the surface states (surface resonances)
cn the (ill) face cf ultrathin Pd overlayers on a recrystallized Nb foil commences with
the deposition of the third atomic layer and is completely established at the full fourth
layer. It also shows the formation of two resonant d states at submonolayer coverages,
corresponding to the interaction of Pd d levels with the Nb bulk bands and to the Pd bulk
d-band resonance, respectively.

The observation of intrinsic surface states
(surface resonances) has become fairly common
on metals' ' as well as on semiconductors. ' To
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of the intrinsic surface states (surface resonanc-
es). Nonetheless, a fundamental question still
remains unanswered. That is, at what lower lim-
it of the bulk thickness and of the surface size
will the surface states cease to exist& No experi-
mental attempt has ever been made to answer this
question, and only a few theoretical calculations
exist which provide indirect answers. Gay,
Smith, and Arlinghaus' have shown that, for
Cu(100), three layers were Not sufficient to gen-
erate surface states. Only when they later per-
formed an eleven-layer self-consistent calcula-
tions' did they find surface states (surface reso-
nances) near the top of the Cu d band. ' Louie, '
on the other hand, has predicted the existence of
surface states (surface resonances) on the (111)
face of Pd in a seven-layer self-consistent pseu-
dopotential calculation. Using the same compu-
tational scheme, Kerker, Ho, and Cohen' have
been able to explain with a five layer -calculation
the surface resonances observed on the (100) face
of Mo. '

In the present phoeoemission studies of ultra-
thin Pd(111) overlayers evaporated onto the (110)
face of a recrystallized Nb foil, we show that sur-
face states (surface resonances) not only exist on
the (ill) face of Pd, contrary to the report by
Dahlback, Nilsson, and Pessa, ' but also appear
at the moment when the third atomic layer begins
to pile up. Upon completion of the fourth atomic
layer, the surface states (surface resonances)
are fully established and the corresponding photo-
emission spectrum is similar to that of single-
crystal Pd(111)."

Photoemission energy distributions (PED's)
were measured in an ultrahigh vacuum for unpo-
larized Hei radiation (hv = 21.2 eV) using a dou-
ble-pass cylindrical-mirror analyzer (CMA)."
The angle of incidence was about 70' and the axis
of the CMA was about 6' off the surface normal.
Ultrathin Pd layers were obtained in situ by evap-
oration, using a W-basket Pd evaporator, onto a
clean, flashed Nb(110) substrate which was re-
crystallized" from a thin (50 pm) Nb foil by re-
peatedly heating to 2200'C. The deposition of Pd
atoms on the (110) face of Nb exhibits a LEED
(low-energy electron diffraction) pattern corre-
sponding to the (ill) face of Pd at more-than-one-
monolayer coverages. "

Deposition of Pd atoms is quoted in terms of
the average number of monolayer s, n, which was
estimated based on the evaporation time, the
PED, the change in the work function, and the
Auger intensity in a self-consistent framework.

In order to determine the evaporation time need-
ed to obtain a single monolayer, we have taken
advantage of the fact that hydrogen readily ad-
sorbs on Nb(110) and induces a pronounced level
at 5.4 eV below the Fermi level (e = —5.4 eV),"
quite different from that of H on Pd(111)." After
evaporation, the specimen was exposed to H, up
to saturation [about 10 L (1 L =10 ' Torr sec)I.
PED's were then taken and the intensity of the
characteristic energy level of H on Nb(110) was
measured. The results are shown in Fig. 1 where
we have plotted the characteristic H/Nb(110) peak
intensity as a function of Pd evaporation time.
The decrease of H-photoemission intensity with
evaporation time is apparently due to the removal
of available H-adsorption sites by Pd atoms. For
evaporation times greater than 16 min, no H-in-
duced peak at & =- 5.4 eV is observed, suggesting
that a full monolayer of Pd atoms is obtained
with 16 min of evaporation. The fact that the
available H-adsorption sites decrese linearly
with coverage suggests strongly that no signifi-
cant stacking growth occurs during the evapora-
tion. Moreover, we have also found that the H'
intensity generated by electron-stimulated de-
sorption of such a (Nb+Pd+H, ) system decreases
dramatically with Pd coverage, "suggesting that
there may be very few H atoms on the surface of
Pd layers.

Figure 2 shows the PED's for various n's of Pd
layers and Fig. 3 shows the corresponding work
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FIQ. 1. After Pd was evaporated onto Nb(110), the
specimen was exposed to H& up to saturation coverage.
The photoemission intensity of H on Nb(110) (e = -5.4 eV)
was then measured as a function of Pd evaporation time
and used as a guide to determine the time needed to ob-
tain one monolayer.
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FIG. 2. PED's of various coverages of Pd(ill) over-
layers on Nb(110). n is the average number of PcI
monolayers.

function changes. At submonolayer coverages,
the work function decreases linearly and two pro-
nounced energy states are observed. The one at
e = —3.1 eV seems to saturate at n =1 and is inter-
preted here as the resonant d state" due to the
interaction of Pd d levels with the Nb bulk bands.
Another state at e =- 2.4 eV is observed to grow
continuously, without changing the energy posi-
tion, with coverage and becomes the predominant
d-band structure observed in the PED of a clean
bulk Pd(111) sample'c at n & 3. The work function
increases almost linearly after n = 0.9 and then
reaches a saturation value at n - 3. Angular de-
pendences indicate that the state at e = —2.4 eV is
different from the d-band peak of the Nb sub-
strate at the same initial energy. These results
suggest that the state at & = —2.4 eV at submono-
layer coverages is characteristic of Pd overlay-
ers. In view of the previous conclusion that no
significant stacking growth occurs during the sub-
monolayer evaporation, we interpret the state at
e = —2.4 eV as the initial formation of Pd bulk d
bands due to the presence of one-layer-thick
clustered Pd islands. It is not clear whether the
individual Pd atoms within the islands are in reg-
istry with the Nb(110) substrate or in the form of
Pd(111) mesh. I EED optics study tends to sup-
port the former configuration. " This, however,
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FIG. 4. Photoemission intensity of the surface states
(surface resonances) on Pd(111) (e =-0.7 eV) plotted as
a function of n.

would imply that the energy position of the Pd
bulk d-band resonance is insensitive to the change
of the Pd-Pd distances by even up to a factor of
10'.

The most significant and perhaps the most im-
portant phenomenon occurs at n &2 where we ob-
serve a new state emerging from the shoulder at
e =-O.V eV. (The shoulder appears at 2&r7&1.)
Its intensity increases rapidly with coverage and
saturates at n roughly equal to 4. This result is
shown in Fig. 4 where we have plotted the inten-
sity of this state as a function of average Pd mo-
nolayers. We have found that the state at e =-0.7
eV is very sensitive to contamination. Indeed,
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FIG. 5. PED of n monolayers of Pd(111) on Nb(110)
with and without H2/02 exposure.

the adsorption of oxygen and hydrogen removes
this state. Figure 4 shows this effect for various
coverages. We interpret this as a surface state
(surface resonance). This interpretation is con-
sistent with a self-consistent pseudopotential cal-
culation' which shows that surface states (surface
resonances) do exist on the (111)face of Pd at
initial energies around e = —0.7 eV, and in the
outer half of the surface Brillouin zone, which is
roughly the region from which we collected the
photoelectrons.

It is seen from Fig. 5 that hydrogen removes
only the surface state (surface resonance), where-
as oxygen also attenuates the d-band emission.
Furthermore, the hydrogen-adsorbed PED does
not exhibit new states within 7 eV below the Fer-
mi level and the PED itself is similar to that of
n =2 without contamination. Indeed, the PED's
of n =2 with and without hydrogen exposure are
almost identical to each other. These results
suggest that the PED of n =2 is essentially due to
bulk-band properties. Only when n )2 can and do
the surface states (surface resonances) show up.

The result shown in Fig. 4 thus presents a con-
clusive answer to the question of when a surface
state (surface resonance), which is localized at
the solid-vacuum interface, starts to form or
ceases to exist. The present result indicates
that the surface states (surface resonances) on
the (111)face of bulk single-crystal Pd will cease
to exist when the thickness of the bulk solid be-
comes less than the equivalent of two full atomic
layers. (In the present case, only one side of the
Pd thin film is adjacent to the vacuum. ) More
specifically, the result shows that the surface
states (surface resonances) on the (111)face of

Pd begin to be observed at the moment when the
third atomic layer starts to pile up. With in-
creasing coverage, the surface states grow up
rapidly and become fully established at the com-
pletion of the fourth layer. At n =4, the PED is
essentially identical to that of single-crystal
Pd(11&) ~

In conclusion, the present photoemission re-
sults indicate the existence of surface states
(surface resonances) on the (111)face of ultra-
thin Pd overlayers, in agreement with the pre-
diction of theory. In addition, the results indi-
cate that the formation of these surface states
(surface resonances) commences with the deposi-
tion of the third atomic layer and is completely
established at the full fourth overlayer. The re-
sults have also shown the formation of two reso-
nant d states at submonolayer coverages, corre-
sponding to the interaction of Pd d levels with the
Nb bulk bands, and the Pd bulk d-band resonance,
respectively.
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