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Low-energy-electron transmission through epitaxial films: Cu(001) on Ni(001)
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Low-energy- (&10.eV) electron transmission spectra were measured for electrons normally in-

cident on epitaxial Cu{001) films on a Ni(001) substrate for coverages of zero to several tens of
monolayers (ML). Electron transmission spectra exhibited characteristic quantum size-effect (QSE)
features for discrete coverages. The QSE features in the energy gap of the substrate and its vicinity
are stronger than those in the allowed energy band due to strong Bragg reflection of electrons at the
film substrate interface. From the steplike increases in the transmission current, we obtain values
for the upper band-gap edges (Xl point) for the clean Ni(001) substrate and a thick Cu(001) over-
layer of 9.5 and 7.3 eV above the Fermi level, respectively. A one-dimensional theory of electron
transmission for over-layered crystals based on low-energy electron diffraction theory is presented,
which incorporates the band structures of the materials in the [001] direction. The calculated
transmission spectra are sensitive to the lattice spacing as well as the thickness of the film. With the
use of the bulk values of lattice spacings for the film and the substrate, excellent agreement was ob-
tained between the experimental and calculated results for coverages greater than 7 ML, but slight
systematic differences were observed for 3 to 6 ML coverages. This suggests that the film is pseu-
domorphic up to 6 ML, after which the entire film rearranges itself to assume the bulk Cu structure.

I. INTRODUCTION

Electron-transmission (or reflection) measurements
have been employed by many investigators to study sur-
faces and overlayers of solids. Andersson and Kasemo'
have investigated electron reflectivities from disordered
overlayers of alkaline adsorbates on nickel surfaces and
have derived the overlayer-substrate distance. Thomas
clearly observed quantum size effects in electron transmis-
sion through epitaxial metal films on a single-crystal sub-
strate and obtained values for the inner potential and elec-
tron mean-free-path lengths of the film. Jonker et al. '

have recently shown that the quantum size effect (QSE)
can be used to investigate the film/substrate interface it-
self. Quantum size oscillations have been observed in
electron tunneling in thin metal-oxide-semiconductor
(MOS) structures, too.

Jaklevic and Davis have reported that critical points in
the energy bands produce characteristic structure in tPe
low-energy-electron reflectance spectra, and have used this
effect to investigate epitaxial metal film growth. Bader
et al. have reported similar studies for condensed gas
films.

To elucidate the effect of film and substrate band struc-
ture on the quantum size oscillations observed for epitaxi-
al film growth, ' we have chosen an epitaxial system in
which both film and substrate have a band gap in the en-
ergy range of interest: Cu/Ni(001). The epitaxial system
of Cu on Ni(001) is known to produce smooth films of
copper oriented to the (001) surface. According to the
Auger electron spectroscopy (AES) and electron micros-
copy studies of Chambers and Jackson, the Cu films tend
to grow in a layer-by-layer fashion at room temperature
and are strained compressively to be coherent with the
substrate (pseudomorphic) up to a thickness of 8 A.

Above this thickness the elastic strain decreases with the
introduction of misfit dislocations, but more rapidly than
theory predicts (13—14 A).

A free-electron rectangular-well —type potential model
has previously been used to qualitatively interpret the
QSE data. ' ' Although such a model provides a remark-
ably successful description of QSE for some systems '

and illustrates the effect of various film and interface pa-
rameters, it fails to quantitatively account for the
transmission spectra of Cu(001) films on a Ni(001) sub-
strate.

In this paper we present a simple theory of low-energy-
electron transmission for an overlayered crystal which uti-
lizes low-energy-electron diffraction (LEED) theory' to
include the effect of the band structures of the film and
substrate. At the low electron energies of interest in such
measurements (below the nonspecular beam emergence
threshold) a one-dimensional model is valid and calcula-
tions are greatly simplified. We compare the results of
these calculations with the experimentally measured elec-
tron transmission spectra for epitaxially grown Cu films
on a Ni(001) substrate for coverages of zero to several tens
of monolayers (ML), and show that the experimental re-
sults are well reproduced by calculations which incorpo-
rate the band structures of Cu and Ni along the (001)
direction in the energy range of interest (0—10 eV relative
to the vacuum level). Features in the experimental
transmission spectra associated with band gaps in the film
and substrate are readily accounted for by using the ac-
cepted bulk parameters. QSE features in the energy gap
of the substrate and its vicinity are found to be stronger
than those in the allowed energy band due to strong Bragg
reflection of electrons at the film/substrate. interface. We
obtain values for the upper band-gap edges (X~ point) of
Ni and Cu (001) of 9.5 and 7.3 eV relative to the Fermi
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energy from the steplike increases in the transmission
current for the clean Ni substrate and thick Cu(001) films,
respectively. Comparison with the model calculations
suggests that the Cu films are pseudomorphic up to 6
ML, while thicker Cu films assume the bulk structure.
These results show that low-energy-electron transmission
spectroscopy is useful to monitor the epitaxial growth
process and to study structural and electronic properties
of the overlayered crystals.

II. EXPERIMENTAI.

A. Experimental method

The experiments were conducted in a stainless-steel,
sputter-ion and titanium-sublimation pumped ultrahigh-
vacuum system with a base pressure of less than 1 && 10
Torr. The system is equipped with a high-precision sam-
ple manipulator, high-purity Oz and Ar gas handling fa-
cilities, a commercial 4-grid LEED-Auger optics, an ion-
bombardment gun, a field-emission gun, and a quartz-
crystal monitored evaporation oven. Sample surface
structure and cleanliness were checked with low-energy-
electron diffraction and Auger electron spectroscopy
(AES). The sample was mounted on a heater which per-
mitted indirect resistive heating, and the temperature
measured by a chromel-alumel thermocouple attached to
the side of the sample. The Ni surface was cleaned in a
conventional manner by Ar+-ion sputtering and annealing
followed by heating at 350'C in an oxygen pressure of
10 Torr and flashing to 550'C to desorb the oxygen.
The only surface contaminant present after this treatment
was a small amount of carbon which was estimated to be
less than 3%%uo of a monolayer and could not be reduced
further .

Copper was evaporated onto the clean, room-
temperature Ni(001) substrate at normal incidence from a
well out-gassed tungsten basket at a rate of approximately
0.2 ML per second. The background pressure typically
rose no higher than 5)&10 ' Torr during evaporation. A
quartz-crystal microbalance mounted next to the substrate
approximately 20 cm from the tungsten basket was used
to monitor the evaporation. The resultant copper films
exhibited excellent long-range order as demonstrated by
the sharp LEED pattern they produced, and AES spectra
of the film surfaces showed no detectable contamination.

Retarding potential measurements of the sample
current versus incident electron energy were made at nor-
mal incidence using either the electron gun of the LEED
optics, operated at 250 V with a retarding potential ap-
plied to the sample, or with a second electron gun operat-
ed near ground potential with the sample at ground.
Derivatives of the sample current were obtained by the
potential modulation technique using a 0.3-eV (peak-to-
peak) modulation voltage; the energy of a peak in a spec-
trum could be determined to an accuracy of 0.1 eV. Nor-
mal incidence was established using the LEED optics so
that the (01) beams disappeared simultaneously with de-
creasing electron energy and the specular beam was re-
flected directly back down the electron gun. The reflected
current from the sample was also measured by the LEED
optics.

B. Experimental results

Experimental plots of the sample current and its second
derivative vs normally incident electron energy are shown
in Fig. 1 for the clean Ni(001) surface and a thicker (-25
ML) Cu(001) epitaxial layer. As the electron energy is in-
creased, the electrons can surmount the work-function
barrier and are detected as a sample current; the turn on
at the work-function threshold produces the steplike in-
crease in each sample current spectrum. An abrupt step-
like increase in the sample current produces a negative
and positive excursion in the second-derivative spectrum

The zero of .energy in Fig. 1 is referenced to the Fer-
mi level by using a value of 4.80+0.05 eV for the work
function of Cu(001), as measured here by the field emis-
sion retarding potential technique. The sample current
for Ni(001) was very sensitive to the presence of oxygen
on the surface; oxygen adsorption from the residual gas
changes the first plateau (6—9 eV) to a dip in the I, curve.

There are features of negative and positive excursion in
the second-derivative spectra for both the clean Ni(001)
surface and for the thick Cu film (-25 ML) above the
work-function thresholds (Fig. 1). These features corre-
spond to the upper edges of the first band gap for Ni(001)
and Cu(001) (X~ points). The second-derivative transmis-
sion spectra enable one to determine these energies pre-
cisely as the inflexion point between excursions. These
values are 9.5 and 7.3 eV for Ni(001) and Cu(001), respec-
tively, measured from the Fermi level.

Experimental plots of the second derivative of the sam-
ple current versus normally incident electron energy are
shown in Fig. 2 for the clean, 1- and 15-ML Cu-covered

Cu (-25 ML}/Ni (OOI)
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FIG. 1. Experimental plots of the sample current I, and its
second derivative I," as a function of normally incident electron
energy for the clean Ni(001) surface (bottom) and a 25-
monolayer-thick Cu(001) epitaxial film (top). The zero of ener-

gy is at the Fermi level. The prominent feature above the work
function threshold in the I, spectra corresponds to the upper
edge of the first band gap (Xl point).



LOW-ENERGY-ELECTRON TRANSMISSION THROUGH32

Ni(001) surfaces. As Cu is evaporated onto the surface,
the threshold shifts to lower energy by 0.6+0.1 eV,
representing a decrease in work function. Remarkably,
the work-function decrease is completed for a single
monolayer within the experimental accuracy. The zero of
energy is chosen to be at the Fermi level. Figure 3 shows
experimental spectra for Cu coverages of 2 to 14 ML in
1-ML increments. Nearly identical results are obtained by
measuring either the reflected current, which includes
both elastic and inelastic components, or the sample
current.

By 1-ML Cu coverage, the negative excursion at 9 eV
obtained for the clean Ni surface is weakened and the
feature becomes a single dominant peak shifted to lower
incident energy (Fig. 2). The origin of the small features
seen at lower energy (6—7.3 eV) in several spectra is not
clear at present. For increasing Cu coverages, one ob-
serves the following iri Figs. 2 and 3:

(i) the dominant peak shifts to lower energy,
(ii) additional smaller peaks develop on the high-energy

side of this leading peak due to quantum size effects,
(iii) the intensities of peaks which lie below the upper

edge of the Ni(001) band gap at 9.5 eV, e~,„(Ni), are
much stronger than the peaks well above eg, „(Ni),

(iv) the lowest energy peak is always dominant and it
moves steadily down to the upper edge of the first band

gap of the Cu(001) film (7.3 eV),
(v) for higher coverages, the negative excursion of the

lowest energy peak increases and finally changes to a full
negative and positive excursion-type feature correspond-
ing to an abrupt, steplike increase in the sample current.

These results show that the QSE features for the
present Cu/Ni(001) system are strongly affected by the
band structures of the film and the substrate. Band-
stiucture effects were not evident in previous results, tak-
en on a system that had no band edges in the region of in-
terest. Therefore, we present a theory of electron
transmission for overlayered crystals based on LEED
theory which quantitatively incorporates the band struc-
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FIG. 3. Expanded experimental electron transmission spectra
for 2- to 14-ML Cu-covered Ni{001) surfaces. The energy corre-
sponding to the XI point of Ni is marked by an arrow.x . I
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FIG. 2. Experimental plots of the second derivative of the
sample current vs electron energy {referred to the Fermi level)
for clean Ni{001) surface- and Cu coverages of 1 and 15 mono-
layers. The energy corresponding to the Xl point of Ni is
marked by an arrow.

tures of the film and the substrate in the following sec-
tion.

Figure 4 shows the elastic component of the reflected
current from a Cu-covered Ni sample as a function of the
incident energy for normal incidence [Fig. 4(a)] and
slightly off-normal incidence [Fig. 4(b)]; the specularly re-
flected beam is excluded from the collected current in Fig.
4(a), since it returns down the electron gun axis and is not
detected, and it is included in Fig. 4(b). Both curves were
recorded at the same sensitivity on a lock-in amplifier.
The quantum size features clearly seen in Fig. 4(b) are to-
tally absent from Fig. 4(a). Thus, the quantum size
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FIG. 4. Experimental plots of second derivative of the elasti-

cally reflected current vs electron energy (referred to the Fermi
level) for a 15-ML Cu-covered Ni(001) surface at (a) normal in-

cidence and (b) off-nortnal incidence. The QSE features present
in (b) are absent from (a) because at exact normal incidence the
specular beam returns down the axis of the electron gun and is

not collected.

features are seen in the specularly reflected electron beam
but not in the angular-integrated diffusely scattered one.

FIG. 5. One-dimensional potential model of a multi-
overlayered crystal. Coefficients of forward and backward trav-
eling waves far from the surface and between scatterers are also
shown. The zero of energy is at the vacuum level of the film.

lattice-plane separation from the adjacent lattice planes.
At the surface and the film/substrate interface, the poten-
tials are appropriately connected as shown later.

In the vacuum far from the sample, the potential is
constant and chosen to be zero. There plane-wave solu-
tions of.the Schrodinger equation exist of the form

P =exp( ik oz) +C

exp�(

ik oz—),
ko ——e

2m

III. THEORY

A. Formulation

For very low energies ((10 eV), the electron wave-
length exceeds the nearest-neighbor spacings along the in-
terface, so that only scattering into the forward or specu-
larly reflected beam occurs. This is generally the case for
a metal/metal epitaxial system for electron energies below
about 10 eV. In this case, a one-dimensional model of
electron transmission is valid, and may be reasonably ap-
plied to the problem we address here. The fact that
among the elastically scattered electrons only the specular
beam contains the quantum size feature (Fig. 4) shows
that the electrons contributing to this effect are, in fact,
specularly scattered at the interfaces and justifies the one-
dimensional theory of QSE. We base the following model
of electron transmission through an epitaxial film on a
crystal substrate on Pendry's one-dimensional multiple-
scattering LEED theory. '

We adopt the model illustrated in Fig. 5. The film is
assumed to consist of a regular array of I layers of
scattering potentials on a semi-infinite substrate. Each
scatterer is the analog of a plane layer of ion cores. A
uniform background potential U& or Uz (muffin-tin po-
tentials) exists between the scattering centers for the film
and the substrate (subscripts 1 and 2 hereafter refer to
film and substrate, respectively). U, and Uz may have
imaginary components to include absorption. The surface
and film/substrate interface planes are located half a

where m is the free electron mass and C is the amplitude
of the reflected wave. Normalizing the incident wave
gives the following expression for the transmitted intensi-
ty T:

T=l —iC/ (2)

Inside the film, the wave function in the region of con-
stant potential between the nth and (n + l)th scatterers
may be written

P~„——a„+ exp[ik, (z nd, )]—+a„exp[ —ik~ (z nd, )]—,

fz
ki ——e—U],

2P1

where d, is the interlayer spacing of the film.
In a similar manner, the wave function in the constant

potential region immediately inside the substrate may be
written

$2p=bp exp[ik2(z —md& )]+bc exp[ —ik2(z —md& )]
(4)

k2 ——e—U2,
2Hz

where I is the number of overlayer planes or scatterers.
The scattering potentials can be characterized by

transmission and reflection coefficients t; and r; (i=1,2)
which give the probability amplitude that the electron will
be transmitted through or reAected from the scatterer;
they depend on the incident wave vector k; in a manner
determined by the detailed features of the scattering po-
tentials V;(z). As V~( —z)= V~(z) for Ni and Cu in the
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[001] direction, t; and r; are the same for electrons in-
cident from the left and from the right on V;(z). We
choose t; and r; so that they reproduce calculated bulk
band structures as shown later.

We assume that no flux is lost by absorption within the
scatterers. Then electron conservation requires that the
probability of transmission plus the probability of reflec-
tion be unity:

y2+a2+[(y2+a2)2 4a2t2]1/2

2at (16)

where we have used Eqs. (6) and (7) and set y=exp(i6).
There are two solutions (Bloch waves). The ratio of bi+ to
6J 1S

For the above equations to have a solution, p must be
given by

(5) b/+/bj = —(Pt —a)/r . (17)

We choose t to be a complex number rather than a real
number as Pendry did' and write it in terms of its magni-
tude and phase:

t= it i
exp(i6) . (6)

lt can be shown that rt* is pure imaginary (see Ashcroft
and Mermin"). Thus r must have the form

r =+
t
r

i
exp(i6) . (7)

a& ——exp( ik&d, ) . —
In a similar way, a„~ can be written

n —t (rian i +t1an (9)

For the substrate there exist equations similar to Eqs. (8)
and (9),

b,+ =(r,b, +t2b,+, )a2 '-,

b~ i (r2bj+, +t2bq )a2——',
where

I

a2 ——exp( —ik2d2) .

(10)

Since the substrate is assumed to be infinite, we may ap-
ply the Bloch condition to the substrate wave functions.
This condition may be written

We now derive equations for the coefficients a„+ and
a„of the wave function in the film in terms of t i and r, .
There are two contributions to a„+, the amplitude of the
forward traveling wave in the constant potential region
between the nth and (n + 1)th scatterers: transmission of
the forward traveling wave a„+

& exp{ik&[z —(n —1)d&])
through the nth scatterer, and reflection of the backward
traveling wave a„exp[ —iki(z —nd

& )] at the nth scatter-
er. After taking into account a phase factor we immedi-
ately have

a„+=(r,a„+t,a„+,)a, ',
where

The probability density PJ of electrons at the jth site of
the substrate is obtained from Eqs. (4), (12), and (13),

Pj i b,+——+b,

= IP I

"
I
bo++bo

I

'
=exp( 2Ei jd—2)

~
bo +bo (18)

U(z)= U, + Ub/[1+exp(z/L)] . (19)

where K& is the imaginary part of the Bloch wave vector
K. Even in the absence of absorption K& is nonzero
within the band gaps. Thus a physically realistic solution
demands that we choose p as given by Eq. (16) so that
K& is positive, hence choosing the mode which decreases
further into the substrate. When U2 is real (absence of in-
elastic or incoherent scattering), K& is zero in the al-
lowed bands. In this case we choose the solution which
carries net flux into the crystal. This is realized when

i
b/+/b/

i
is greater than 1.

For an electron of low kinetic energy ( & 40 eV), scatter-
ing by the surface and the film/substrate interface de-
pends strongly on the shape of the potential assumed to
represent the interface. A square potential step is a poor
approximation to the true shape of the potential at the in-
terfaces, since the so-called optical or inner potential can-
not die away on a scale much less than the Thomas-Fermi
screening length L (-0.5 A for Ni and Cu). ' Classical-
ly, the surface barrier must include the effect of an image
potential, and at large distances the classical image model
should be an adequate representation of the potential
above a metal surface. The actual form of the potential in
the near surface region, unfortunately, is not known. The
results of Dietz, MacRae, and Campbell, ' however, sug-
gest that the image potential very near the surface is sa-
turated and significantly more abrupt than the classical
image model. Even less is known about the form of the
potential at the metal/metal interface. The change in po-
tential between the film and substrate must clearly occur
over some finite distance. We thus choose potential bar-
riers at the film surface and the film/substrate interface
to be of the general form

b+ Pb+

bj =pb/

(12) We consider two different surface potential barriers,
Uz&(z) and U&2(z). Uz&(z) varies smoothly through and
on either side of the surface plane and is given by

(t pa )bi++ prbj =0,—
rb +i(Pt a)bj =0 . —

(14)

(15)

where p=exp(iXd2) and IC is the Bloch wave vector. Us-
ing this condition, we may rewrite Eqs. (1()) and (11) as
follows (subscript 2 is omitted for convenience):

Up-, (z) = U(z), (20)

where U, = —Ub ——U&R, and U&R, is the real part of U&.
The center of the barrier, z=O, is chosen to lie in a plane
tangential to the muffin tins of the last layer of film
atoms (see Fig. 5). The second surface barrier, U~2(z), ex-
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hibits an abrupt step at the surface (z=O) as shown in
Fig. 5, and is given by

U(z) for z ~0,
UV2(z)= U f 0 (21)

with respect to z.
The asymptotic form of g at z —+ —ao is

P~[C)A (v,p)+C2A ( —v,p)]e'"

+ [C)A (v, —p)+ C2A ( —v, —p)]e (30)

Ua U2Re~ Ub U]Re 2Re ~

where U2R, is the real part of U2. We assume that the
imaginary parts of the constant potentials change abruptly
from U) q to Uq( at the film/substrate interface.

The potential barriers U) )(z) and Ut, (z) at the
vacuum/film and the film/substrate interfaces can be
thought of as additional layers with different scattering
properties placed at the interfaces if L &~d] and d2. We
now define r~+ and r) (t)+ and t) ) as reflectivities
(transmissivities) of the surface potential barrier U) )(z)
for electrons incident on the barrier from the vacuum side
and from the film side, respectively. Similarly, we define
reflectivities (transmissivities) of the film/substrate inter-
face potential Ut, (z) as r~+, and rtx (tt+, and ttx ) for elec-
trons incident on the potential from left to right and from
right to left, respectively. These are given in the Appen-
dlX.

Following the same procedure used to derive Eqs.
(8)—(11), we obtain the two relations at the surface,

C =rv++tv ~o (23)

+ +ao =tv +rvao

Similarly, at the film/substrate interface, we obtain

+ +
m fs m +t fsbo

bo ——tf a ++ rf, bo

(25)

(26)

For the surface potential barrier U) z(z), we may follow
the same procedure outlined above, but with no limitation
on the parameter L. Alternatively, we may match the
waves outside and inside the film in amplitude and deriva-
tive at the surface (z=O). The wave function in vacuum
is given by

0= C)4)(v p ~)+C202(v p ~» (27)

where C) and C2 are the coefficients to be determined, y
is a reduced variable of z, and g) and P2 include indepen-
dent hypergeometric functions as given in the Appendix
together with v and p. The matching condition at the
surface yields

C) Q)(v, p, 0.5)+C2gp(v, p, 0.5)=a o+ +ap

C) P)(v,p, 0.5)+Cqg2(v, p, 0.5) =ik, a() ik,a()—(28)

(29)

where the prime denotes first derivative of the function

where U, = —U~ is not necessarily equal to U~R, . Ac-
cording to Pendry, ' the imaginary part of the optical po-
tential U» must decay into the vacuum more quickly
than U&R, . In the present calculation U» is simply
chosen to be zero for z&0.

The potential at the interface between the film and the
substrate, Ut, (z), is chosen to be

Ut, (z) = U(z —md ) ),

where A(v, p) is given in the Appendix. Again, since g
must be of the form

/=exp(ikz)+C exp( ik—z)

as z~ —oo, we must have

C) A (v,p)+ C2A ( —v, p) = 1,
C) A (v, —p)+C2A ( —v, —p) =C .

(31)

(32)

(33)

In the case of the surface potential barrier Ur)(z), Eqs.
(8), (9), (17), and (23)—(26) comprise a set of linear equa-
tions for the coefficients C, a„+, a„(n =0, 1,2, . . . , m),
ho+, and bo . For the surface potential barrier Uvz(z),
Eqs. (23) and (24) are replaced by Eqs. (28), (29), (32), and
(33) to constitute the set of linear equation for the coeffi-
cients C, C~, C2, a„+, a„, ho+, and bo .

Thus the problem of calculating the electron transmis-
sion coefficient T [Eq. (2)] is reduced to solving these sets
of linear equations.

cos (kd +5)=
i
t

i
(34)

Let Eg,„(,„) be the lower (upper) edge of the first band
gap of Ni or Cu in the (001) direction, i.e., the X4 (X) )

point. The corresponding free-electron wave vector

kg min(max) is given by

g min(max) [(eg min(max) )/(~ / )] (35)

As a first step, we assume t (and thus r) are independent
of energy. Then

~

t
~

and 5 are determined by

cos( kg;„d +5)/
i
t

i
= —1,

cos(kg, „d+5)/i t
i

= —1 .

Solving for 5 and
~

t
~

gives

5=m. —(kg,„+kg, „)d/2,

i
t

i

= —cos(kg;„d+5) .

(36)

(37)

(38)

The reflection coefficient r is obtained from Eqs. (5) and
(7).

Thus t and r are completely determined by the lattice
constant (2d), the muffin-tin zero potential U, and the
edges of the first band gap eg,„(X4) and eg,„(X)).
Since the scattering powers of ion cores are insensitive to
their environments, the coefficients t and r obtained using
the bulk bands are used for those of the planar lattice
scatterer for the film even when layer-spacing is slightly

B. Determination of parameters

The coefficients t; and r; describing the scattering
properties of the plane layers of the film and substrate are
chosen to reproduce the calculated band structures along
the (001) direction in the energy region of interest. The
energies of band-gap edges are given by the condition'
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perturbed from the bulk one.
Values of es,„ for Ni and Cu(001) were determined ex-

perimentally from the abrupt increase in the transmission
current observed when the incident electron energy was
increased across the forbidden gap to the allowed bands
for the clean Ni substrate and thick Cu films as shown in
Sec. II 8 (see Fig. 1). The values obtained for Ni and Cu

(b)
FIG. 6. (a) Dispersion relations obtained for Ni(001) using

the parameters stated in the text for U& ——0 eV (no absorption)
and Uq ———0.8 eV. The results of the band-structure calcula-
tion of Szmulowicz and Pease (Ref. 13) are also shown by open
circles for comparison after shifting to fit the X& point. The en-

ergy corresponding to the work-function threshold of Cu(001) is
marked by an arrow. (b) Dispersion relations obtained for
Cu(001) in the absence and presence of absorption .compared
with the band-structure calculations of Burdick (Ref. 14) and
Lasser et ai. (Ref. 16). The energy corresponding to the work-
function threshold of Cu(001) is marked by an arrow. In both
(a) and (b) the dashed line shows dispersion when absorption is

present.

(001) are 9.5 and 7.3 eV measured from the Fermi level
and are in good agreement with the calculated values of
9.28 eV (Szmulowicz and Pease' ) and 7.29 eV (Burdick' )

for Ni and Cu (001), respectively.
The muffin-tin zero potentials U& 2 are approximated

to be the bottoms of the bands. We use the values of es
and U calculated by Szmulowicz and Pease' for Ni and
those by Burdick'" for Cu after slightly shifting them so
that eg „coincides with the experimentally obtained
values; e2g, „——2.67 and Uz ———8.82 eV for Ni(001) and

e&s,.„——2.04 and U&
———8.96 eV for Cu(001) relative to

the Fermi energy. At low energies the effective potential
of the ion cores is weak, ' and so the muffin-tin zero po-
tential can be identified with the inner potential. By using
a value of 4.80 eV for the work function of Cu(001), the
muffin-tin zero or inner potential for Cu measured from
the vacuum is 13.76 eV. This is in agreement with the
value of 13.5 eV obtained by Andersson' for Cu(001) us-

ing LEED. The result of 11 eV for the inner potential of
Cu(111) as determined by earlier QSE studies should be
understood as a reduced inner potential seen by a "free
electron" in the Cu films. The dispersion curves calculat-
ed by different authors agree very closely except for the
X] point energies —compare, for example, Burdick's' re-
sult with that of Lasser et a/. ' for Cu(001). The lattice
constants for bulk Ni and Cu are 3.524 and 3.615 A,
respectively.

Using these parameters, we obtain values for
~

t ~,

~

r ~, and 5 (radian) of 0.920, 0.391, and —0.320 for
Ni(001) and 0.946, 0.325, and —0.261 for Cu(001). The
imaginary part of U is small for low energies [&15 eV
(Ref. 10)] and is chosen to be —0.8 eV for both Ni and
Cu. In Figs. 6(a) and 6(b) we show the dispersion rela-

tions obtained for Ni and Cu together with the previously
reported results in the absence of absorption. The agree-
ment is fairly good and justifies our initial assumption
that t and r are independent of energy. Figures 6(a) and
6(b) also show dispersion when absorption ( U& 2t = —0.8
eV) is present.

The Thomas-Fermi screening length I. is taken to be
0.5 A for both Ni and Cu. ' Now only the choice of the
surface potential barrier Ut ~ 2(z) and the barrier parame-
ters of U, ( —Ub) remain to be determined by fitting the
experimental data.

IV. COMPARISON OF CALCULATED AND
EXPERIMENTAL RESULTS AND DISCUSSION

In Fig. 7 we compare the experimental spectra with the
best-fit calculated results for the clean Ni(001) surface and
for Cu coverages of 1 to 15 monolayers. The surface po-
tential U~2(z) [Eq. (21) with U, = —Ub ———6.0 eV] and
the + sign in Eq. (7) for r are used in the calculation.

The calculated transmission spectra depend strongly on
the choice of sign in Eq. (7) for r, and only the positive
sign gives features in agreement with the experimental re-
sults. The positive sign means that the scatterers act as
net attractive ones. ' In the nearly-free-electron approxi-
mation, Pz (e=eg,„) [Eq. (18)] is proportional to
cos [(~/d)jd] (or sin [(m/d)jd]) when the Fourier com-
ponent of the crystal potential for the wave vector at the
X point is negative, i.e., attractive (or positive, i.e., repul-



650 IRQSHg I~ASAKI& &.B I JQNKER AND ROBER.T L. PARK

ML
AA%\s~gyggg ggygy4go04++

LL]a
(A

Ahw

CU

UJa

CUa

ML

'+ 1%~1eaVer+A+I W:-

~ ~
e&

f I I I I I I

6 8 iO lZ iq i6 iB

Energy (eV)

~ ~

Eiectron Energy

~ ~ (c)
[ t

8 io lz l4 l6 ie
Electron Energy (eV)

( 3 for clean Ni(00/) and for l- to 15-ML «-FlG. 7. Ex erirnental electron transmission spect
* '

ectra & ~ ) and calculated curves
and the zero of energy is at the Fermi level.

xper
to the X oint of Ni is marked by an arrow, an e ze

e u a . - d 2-ML s ectra are relatively insensitive to c anges iThe bulk lattice parameters are used for all th e calculated spectra. The 1- an - spe
' c an es i

e lattice s acing is within +0.2/o of the bulk values. The gP g o P P
ions observedagreem

f h fb IkC ' db d h' hfor films 3—6 ML thick are attributed to a distortion o

sive). Choosing t e or-h
'

th + or —sign in Eq. (7) indeed leads
to I'J @=as,„) of the form cos [(n/d)jd] and

[( /d) d] respectively The .phase of ho+ / 0 is
E. 17). Sochanged by m by changing the sign of r [see Eq. ( ].

the choice of + or —sign makes the abso-
lute value of the amplitude of the wave function a et the
film/substrate interface 1 or 0, respectively. Choosing t e
+ sign repro uces ed the strong enhancement of transmis-

sion intensity near the upper ba -g p g hnd- a ed eo thesu-
strate (X& point) observed for very thin (1 and 2 ML

The surface potential used for the calcu a ion s
7

'
U (z) for which the potential arises abruptlyFig. 7 ~s ~, z, or

=13.62 eV tofmm the muffin-tin zero of the film Ui R, ——

j —U /2= —3.0 eV at the surface plane and in-
creases smoothly outside the film to the vacuum level over

th ale of the Thomas-Fermi screening
b +30 eVength (0.5 A). Changing the value of Ui.2(0) by + . e

maintains the general characteristic features of the spec-

b t th agreement with experiment becomes worse.
We note that the step-function limit [L~O, Ui 2( )= ]
also gave worse results. Changing Uvq y0) b more than
+3 eV produces calculated spectra quite different fmm
the experimental curves. The sur ac pce otential barrier

( L=0.5 A) rounded toward both the vacuum and
reementthe film side of the surface plane, gave poor agreemen

e with the sur-with the experimental data. Thus a mode wi e
face plane at the last muffin-tin edge and the potential
step smoothed slightly to the vacuum side gives best
agreement with experiment. This result provides further
evidence that the surface potential barrier should exhibit a

f t dies ' ' field emission energy distribu-face resonance s u ies,
tion results, ' and theoretical calculation. '

I '
s papers the quantum size effect (QSE

elec-was interpreted as an interference effect between e ec-

film/substrate interfaces. Jonker et ah. successfully ex-
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plained the QSE features using a simple free-electron
model. In the potential-well model employed, electron
reflection at the interfaces resulted from a change in po-
tential at the interfaces (shape scattering). In the present
model we have shown that the electron reflection results
not only from shape scattering but also from differences
in the properties of the electron scatterer arrays on either
side of the vacuum/film and the film/substrate interfaces.
For the system Cu/Ni(001) the latter effect is in fact dom-
inant, as the inner potential of Cu (13.76 eV) is nearly
equal to that of Ni (13.62 eV) (see Sec. IIIB). A model
calculation which assumed that the inner potentials of
Cu(001) and Ni(001) were equal gave results similar to
those shown here. The electron refiectivity at the inter-
faces is therefore seen to be strongly dependent on the
band structures of the film and the substrate.

The modes of electron transmission through the film
may be classified according to the combinations of the
band structures as shown in the first three columns of
Table I. For the case of Cu(001) epitaxial overlayers on
Ni(001), each of the first three modes shown in Table I is
realized over a particular energy range: mode I for
E~ 9.5 eV (where E is the incident energy measured from
the Fermi level), mode II for 7.3 & F. &9.5 eV, and mode
III for 4.8 (E~7.3 eV.

Thomas discussed the case for which the incident elec-
tron energies are within the band gap of the substrate, i.e.,
mode II in Table I. In this case the incident electrons are
strongly reflected at the film/substrate interface by Bragg
reflection. In the absence of absorption, however, the
electron reflection in this energy range is unity. A model
calculation for real Ui and Uq indeed showed total reflec-
tion and thus no quantum size oscillations for incident en-
ergies within the band gap of the substrate.

The present calculation and a simple calculation based
on the free-electron model for this case (mode II) show
that even though the electron reflectivity is unity, the elec-
tron numbers within the film (the integrated value of the
electron density over the film) oscillate when plotted as a
function of incident energy. This is due to standing-wave
formation within the film at discrete energies. When elec-
trons are absorbed from the coherent current in the film
and the substrate, the coherent electron reflectivity oscil-
lates as a function of incident energy following the oscilla-
tion of the electron number within the film, as the ab-
sorbed intensity is proportional to the electron number.
From model calculations for weak and strong absorption,
the following results are obtained: (1) For energies in the

allowed band of the Ni substrate (thus also in the allowed
band of the Cu film, i.e., mode I) the quantum size oscil-
lations are strongest for zero absorption and decrease as
absorption increases, as noted by Jonker et al. , and (2)
for energies in the band gap of the substrate, i.e., mode II,
absorption in the film is necessary for the presence of
QSE but degradation of the QSE features similar to (1) is
found for stronger absorption. %'e therefore conclude
that the stronger quantum size features observed experi-
mentally for incident energies within the forbidden energy
gap of the substrate and its vicinity relative to the QSE
features observed over the allowed energy band of the sub-
strate are caused not only by strong Bragg reflection at
the film/substrate interface, but also by electron absorp-
tion in the film of appropriate strength.

In mode III, where incident electron energies are within
a band gap of both the substrate and the film, electrons
are strongly reflected and no QSE features are expected.
This is in agreement with the experimental results (see
Figs. 2 and 3).

Mode IV is not realized for the Cu/Ni(001) system but
would be realized for the Ni/Cu(001) system. We carried
out the calculation for this system and found that oscilla-
tory structure was present in the energy range correspond-
ing to mode IV for rather thin films (-4 ML). This
quantum size effect is understood as a resonance in elec-
tron tunneling through the band gap of the film.

As the quantum size effect is represented through the
energy dependence of

i
C

~
[Eq. (2)], the absorption pro-

cess includes all incoherent scattering —diffuse scattering
as well as inelastic scattering. For the present model, ab-
sorption in the constant potential region between ion core
scatterers gave reasonable results. It is interesting to note
that Andersson and Kasemo' have analyzed the structure
in electron reflectivities from disordered overlayers as-
suming that incoherent scattering occurs at the plane of
adatom-ion cores which are arranged randomly within the
plane. In a one-dimensional model a rough surface or in-
terface may be approximately represented by several
layers of lattice planes within which ion cores are ar-
ranged randomly. In the present model, therefore, rough-
ness of the interfaces may be treated by introducing ap-
propriate absorption at the ion core planes near the inter-
faces.

The QSE features in the transmission spectra are very
sensitive to film structure, since the electrons are sensitive
to the overall thickness of the film as well as to the lattice
spacing. In the free-electron limit relative maxima (or
minima) in the transmitted current occur at energies given
by3

TABLE I. Modes of electron transmission through epitaxial
films.

nm
&n=

2m zo

2

—U&Re ~ (40)

Mode

III
IV

Allowed
Allowed

Allowed
Forbidden

Forbidden
Forbidden

Forbidden
Allowed

Energy bands
Film Substrate QSE features

%'eak
Strong (assuming
absorption in the film)
No QSE
QSE due to resonance
tunneling

where n =1,2, . . . and zo is the film thickness. From the
above relation, a 1% change in thickness causes a peak
energy shift of several tenths of an eV.

In the calculations shown in Fig. 7, the lattice spacings
for the film and the substrate were chosen to be the same
as the bulk values of Cu and Ni (001), respectively.
Changing the lattice spacing by +5%, produced transmis-
sion spectra which bore no resemblance to the experimen-
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tal ones even in qualitative features. The calculated re-
sults shown in Fig. 7 are reproduced only when we choose
lattice spacings within +0.2% of the bulk values. The
agreement between the experiment and the calculation is
very good overall for the various Cu coverages. It should
be stressed that for the different film thicknesses all the
parameters are kept the same except the number of layers,
and the parameters are chosen to have well accepted
values.

Close examination of Fig. 7 shows that while the agree-
ment between the experimental and the calculated results
is very good (main peak positions within 0.1 eV) for the
clean Ni(001), 1- and 2-ML Cu coverages and for Cu cov-
erages greater than 6 ML, a systematic deviation of the
dominant peak position (-0.3 eV) is observed for Cu cov-
erages from 3 to 6 ML. The agreement for the 1- and 2-
ML spectra is less sensitive to changes of lattice spacing,
probably because these spectra are strongly effected by the
prominent substrate feature. The good agreement for
thicker films ()7 ML) shows that the lattice structure
throughout the film is very close to that of bulk Cu. The
deviations observed from films up to 6 ML are attributed
to a distortion of the film structure from that of bulk Cu.
As noted in the Introduction, the Cu film is initially pseu-
domorphic, so that the Cu atoms conform to the lateral
periodicity of the Ni(001) substrate and are thus
compressed laterally relative to bulk Cu(001).

The fit of the calculated spectra for the (3—6)-ML films
could be significantly improved while maintaining the ex-
cellent agreement for the 1- and 2-ML films, but at the
expense of fit for the coverages greater than 6 ML by
reducing the lattice plane spacing by 1.0%. This is not an
entirely satisfactory solution for the (3—6)-ML films,
however, because a change of lattice spacing in plane pro-
duced by pseudomorphic growth would also alter the
scattering properties (t& and r~) of a plane of Cu ion
cores even though the scattering properties of the indivi-
dual ion cores would be uneffected. It is therefore first
necessary to derive the scattering properties of the ion
core planes for a new lattice spacing based on phase-shift
calculations for the ion cores and calculating planer
scattering matrix elements before we seek full adjustment
of the atomic structural parameters for the perturbed
film. The present results are very encouraging in the
development of electron transmission spectroscopy as a
tool to obtained electronic and structural information for
epitaxial films on a crystal.

V. CONCLUSION

film band structure as well as information on the lattice
spacings of the film and substrate in the vicinity of the in-
terface. In particular, except for one and two monolayers
the calculated spectra are quite sensitive to the film lattice
parameter, and through comparison with experimental
spectra it is apparently possible to distinguish pseu-
domorphic film structure from the normal bulk structure
of the film material. For thicker films, the present
method provides a unique means of investigating a fully
established film/substrate interface inaccessible by other
nondestructive techniques. Such measurements are ex-
perimentally straightforward and may be readily applied
to monitor epitaxial film growth and the wetting proper-
ties of substrates.
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APPENDIX

y =(1+e' )

(A 1) becomes

(A2)

d d 'g
y(y —1),+(1—2y) +

dy dy y(1 —y)
/=0,

3'

(A3)

where

(e—U, —Ub )L =ki I.
(A4)

We solve the Schrodinger equation following Constan-
tinescu and Magyari,

d P + U(z)/=ed, (Al)
2m dz

for the potential U(z) = U, + Ub/(1+e' ). Introducing
the new variable

Low-energy-electron transmission spectra were mea-
sured for epitaxially grown Cu films on a Ni(001) sub-
strate for coverages up to 15 ML. A model of electron
transmission for an overlayered solid was developed based
on one-dimensional LEED theory. '

We have shown that the simple transmission current
measurement provides characteristic transmission spectra
for discrete film thickness from 1 ML to fully developed
films. Combined with simple calculation, such a mea-
surement provides information on the substrate and the

If we introduce a new function f (y) through

f=y'(1 y)"f(y), —
and impose on v and p the conditions

v =A, —g = — (e—U, )1. = k, I. —

p= —q= —kII2 2 2 2

the following differential equation for f is obtained:

(A5)



32 LO%-ENERGY-ELECTRON TRANSMISSION THROUGH. . . 653

y (1—y)f"+[(2v+ 1)—(2v+ 2p+ 2)y]f' (—p+ v)(p+ v+ 1)f=0 .

The two particular solutions for this equation are the hypergeometric functions

F(p+ v,p+ v+ 1,2v+ l,y)
and

y "F(p v,p——v+ 1,—2v+ l,y) .

Then the solution 1fj is

Q=C~y (1 y)"F—(p+v p+v+1, 2v+ l,y)+C2y '(1 y)&F—(p —v p —v+1, —2v+. l,y)

—=

Cilia+

C242

We notice the relation

A(v, p,y)=Pi( —v,py) .

Using the relation

F(a, b, c,y)= F(a, b, a +b —c+1,1 —y)
I (c)I (c —a b)—
I c —al c b—

I (c)I (a +b —c)+ (1—y)' ' F(c —ac bc——a b+1—1 —y),I (a)I (b)

g& may be written

A(v, p)F——(p+v p+v+1, 2p+1, 1 —y)y "(1—y)"+A (v, p)F(v —p, v p+—1, ——2p+1, 1 —y)y (1—yP',

(A7)

(A8)

(A9)

(A10)

(A 1 1)

(A12)

v= —ik„I. and p =ik)I. . (A13)

where

I (2v+ 1)I"(—2p)
v,p I"(v—p)I (v —p+1)

and gz immediately follows from Eq. (A10).
Now we examine the behavior of the wave functions g,

and 1b2 at z~+ ao. From Eq. (A6) we choose

Upon comparison with Eqs. (A14) and (A15) we immedi-
ately have

C) A (v,p)+ C2A ( —v, p) = 1,
Ci A (v, —p)+C2A ( —v, p) =r+, —

C] ——t+,
Cp ——0.

P~ ~y'—= exp(ik„z),

@2~y "=—exp( ik„z), — (A14)

As z —++ 00, y -e ' "~0, and F(y)~1. From Eq.
(A9), we then have

Solving for t+ and r+ gives

t+ = 1/3 (v,p),
r+=A(v, —p)/A(v, p) .

(A18)

+ik„z —ik„zQ~C)e " +C2e

As z~ —oo, y —&1, 1 —y=e'~ ~0, and F(l —y)~1.
So, from Eqs. (A12) and (A10),

pi~A(v, p)e '+A(v, —p)e
kI k

g,~A( —v, p)e +A( —v, —p)e

Q~[C)A (v,p)+ C2A ( —v, p)]e

In a similar manner, for a wave incident from right to
left we expect g to have the forms

ik z —ik, zg(z~+ ca)=e " +r e

—ikIzg(z~ —m )=t e

Upon comparison with Eqs. (A14) and (A15) we have

C, A (v,p)+CzA ( —v,p) =0,
Cid (v, —p)+C2A( —v, p)=t—

(A20)
C2 ——1,

+[C)& (v, —p)+C2A ( —v, —p)]e (A15)
C) ——r

For a wave incident from left to right, now we expect
P(z~+ oo ) to have the forms

ikIz + —ikizg(z~ —00 ) =e +r e

t)'(z +~)=t+e ' .

Solving for t and r gives

r = —A ( —v,p)/A (v,p),

t =A ( —v, p)+r A(v, —p) . —
(A21)
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