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Subsurface growth of Ni atoms deposited on a Cu„001… surface
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The growth of Ni deposited at room temperature on a Cu~001! surface was studied by low energy electron
diffraction ~LEED!. For ultrathin Ni films, ranging from 1 monolayer~ML ! to 3 ML, subsurface Ni layers
below a 1 ML thick Cu surface layer were found to give the best fit to LEEDI /V ~intensity versus beam
voltage! characteristics. For 1 ML thick Ni film, first-principles calculation also predicted that subsurface
growth of Ni film was favored energetically to overlayer growth. As the film thickness increased, however, the
reliability factor became worse. This indicated that the structure gradually deviated from the ideal subsurface
Ni layer below 1 ML surface Cu. The deviation was possibly caused by the increasing disorder in the atomic
structure and/or in the chemical homogeneity near the surface.@S0163-1829~97!03112-3#
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I. INTRODUCTION

Ultrathin films, especially ferromagnetic films on no
magnetic substrates, have drawn enormous attention bec
they have shown magnetic properties quite different fr
those of bulk.1 The magnetic properties of ultrathin film
have been reported to be very sensitive to the atomic st
ture of both the thin film and the interface. So we must stu
the growth modes of thin films. The growth modes of ultr
thin films depend both on the energetics and on various
tors affecting the kinetics of the deposited atoms. The kin
variables encompass the relative size of the deposited a
and the substrate atoms, the deposition rate, the subs
temperature, the structural order of the substrate, the de
of contamination, and so on. The dependence on kinetic
tors is due to nonequilibrium processes usually involved
the growth of thin films. This means that depending on
growth conditions of the thin films, various metastab
atomic structures can be realized for the same system,
sibly with different magnetic properties.2

Ni forms bulk alloys with Cu.3 And for the~001! surface,
the surface free energy of Ni~1.94 J/m2) is higher than that
of Cu ~1.52 J/m2).4 So, it is expected that Cu atoms ma
form a layer on top of the deposited Ni film on a Cu~001!
surface, or the copper atoms may form a surface alloy w
Ni atoms. A recent molecular dynamics simulation5 pre-
dicted that the diffusion barrier at the surface can be ov
come at elevated temperature or via defect sites. Never
less, most experiments on this system have reported d
and indirect evidence6,7 for pseudomorphic, overlaye
growth of Ni films on Cu~001! surfaces. However, a recen
x-ray photoelectron diffraction~XPD! study on the Ni/
Cu~001! system reported the commencement of surface
550163-1829/97/55~12!/7904~6!/$10.00
use

c-
y
-
c-
ic
ms
ate
ee
c-
n
e

s-

h

r-
e-
ct

l-

loying in the temperature range of 260–300 K, and subs
face alloying between 300 and 450 K.8 This result suggests
the possibility of the interdiffusion of the Ni and Cu atom
near the surface during Ni film growth at room temperatu
However, the experimental variables which dictate differe
growth behaviors for Ni atoms on the Cu~001! surface have
not yet been clearly identified.

We therefore performed an extensive surface crysta
graphic study of ultrathin Ni films deposited on Cu~001! sur-
faces by the analysis of theI -V ~intensity vs electron beam
voltage! characteristics of low energy electron diffractio
~LEED! spots.9 In this work, the possibility of interdiffusion
of the Ni and the Cu atoms was taken into account. T
previousI /V analysis of the Ni/Cu~001! system by Montano
et al.10 did not include the possibility of interdiffusion. In
addition, the atomic structure of an ultrathin Ni film wa
calculated by first-principles total energy calculation11 and
then compared with results of dynamic LEED crystallog
phy.

In the following section, our experimental procedure
described. In Sec. III, first-principles calculation and its p
dictions on the atomic structures of Ni films are describ
Then, in Sec. IV, the results from our LEEDI -V analysis are
compared with theoretical results. In the final section, a su
mary and conclusion are given.

II. EXPERIMENT

The Cu~001! surfaces were prepared through mechani
polishing with alumina powder of size down to 0.05mm fol-
lowed by cycles of annealing~up to 1100 K! and Ar ion
sputtering. To remove residual carbon atoms, the sample
often annealed at around 500 K in an oxygen environmen
7904 © 1997 The American Physical Society
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1028 Torr for about 20 min. The Ni thin film was deposite
by evaporating Ni from a Ni wire~99.999% pure! wound
around a tungsten wire~99.99% pure!. During the Ni depo-
sition, the substrate temperature was in the range of 300–
K. The thickness of the deposited Ni film was determin
from the relative intensitiesINi /ICu of Auger electron peaks
Ni (LMM , 848 eV!, and Cu (LMM , 920 eV!.12 For a Ni
layer of thicknessDx lying betweenx andx1Dx from the
surface,

INi /INi
0 5@12exp~2Dx/lNicosu!#exp~2x/lCucosu!

3exp~2x/l I !,

ICu/ICu
0 5@12exp~2x/lNicosu!#exp~2x/2l I !

1ICu
0 exp~2x/lCucosu!exp~2dx/lNicosu!

3exp@2~x1Dx!/l I #. ~1!

Here,INi(Cu)
0 is the Auger intensity forLMM transition of Ni

~Cu! if the target is pure bulk Ni~Cu!, and lCu (Ni) is the
escape depth of the Cu~Ni! Auger electron.l I is the mean
free path of the incident electron of energy~3 KeV!, u is the
CMA acceptance angle, 42.3o. The escape depths were o
tained from the universal curve. The relative sensitivity fa
tor INi

0 /ICu
0 was obtained from the database from Physi

Electronics Industries, Inc.13

The cleanliness of the surface was determined from
AES ~Auger electron spectroscopy! data, which showed no
definite peaks related to likely contaminants such as car
and oxygen. Pseudomorphic growth of the film was assum
from thep(131) LEED pattern. The LEED spot size afte
Ni deposition was a little broader, indicating a smaller t
race size than that of a clean Cu surface, but still the ba
ground intensity was very low, displaying a sharp LEE
pattern up to an incident electron energy of 400 eV. The b
pressure of the chamber was in the low 10210 Torr range,
and the chamber pressure during Ni evaporation rose u
5310210 Torr. The deposition rate was about 1 ML per
min. The residual magnetic field was kept below 0.05 G
all three perpendicular directions by employing three perp
dicular Helmholtz coils. The symmetry of our experimen
geometry and the effective removal of the residual magn
field was confirmed from the virtual identity of theI /V char-
acteristics of symmetrically equivalent spots. To obtain
LEED I /V characteristics from the LEED patterns, a vid
LEED system was employed, which proved to give relia
results for clean Cu~001! and Ag~001! surfaces.14

III. FIRST-PRINCIPLES CALCULATION

To determine the stable structure for this Ni on t
Cu~001! system, the total energies are calculated as funct
of all of the Ni-Cu interlayer spacings for two cases. In o
case, the Ni 1 ML remains as an overlayer, and in the o
case, the Ni atoms diffuse into the Cu substrate to form
subsurface layer. We employ the single slab approximat
The single slab for the overlayer Ni system is composed
seven layers of Cu~001! with a Ni monolayer on each side o
the slab@Ni/Cu~001!#. The subsurface Ni system is com
posed of five layers of Cu~001! with a Ni monolayer and a
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Cu layer on each side of the slab,@Cu/Ni/Cu~001!#. The
Kohn-Sham equations,15 established in the local spin densi
~LSD! approximation, are solved self-consistently employi
the full potential linearized augmented plane wave~FLAPW!
method.16 The explicit form of von Barth and Hedin17 is used
for the exchange-correlation potential for spin-polarized c
culations. The core electrons are treated fully relativistica
whereas the valence electrons are treated semirelativistic
i.e., including all relativistic terms but spin-orbit coupling.18

Figure 1 shows the total energy difference of the N
Cu~001! system as a function of the Ni-Cu interlayer spa
ing. The solid circles are our calculated data points, wh
are fitted to a parabola. The total energy minimum is fou
to be at a Ni-Cu spacing of 1.592 Å, which is 10.5% smal
than from the average of bulk Cu-Cu and Ni-Ni bon
lengths. In this geometry, the magnetic moment per Ni at
is 0.23mB. The large relaxation of the Ni-Cu bond leng
possibly has its origin in the large reduction of Ni magne
moment on the surface.19 Figure 2~a! shows the total energy
of the Cu/Ni/Cu~001! system as a function of the interlaye
spacing of Cu~S!-Ni while the interlayer spacing of Ni-
Cu~S-2! is fixed at the interlayer spacing of the bulk Ni. Th
total energy minimum is found at a Cu~S!-Ni spacing of
1.577 Å. In Fig. 2~b!, the calculated total energy is present
as a function of the interlayer spacing of the Ni-Cu~S-2! with
the Cu~S!-Ni layer spacing fixed at the optimum spacin
found in Fig. 2~a!. The total energy minimum is found to b
at an Ni-Cu~S-2! interlayer spacing of 1.713 Å. The tota
energy of the subsurface Ni system is smaller by 30 mRy
atom than that of the overlayer Ni system. In the subsurf
system, the magnetic moment per Ni atom is very sm
0.18mB, compared to that of the Ni atom in its bulk stat
0.57mB, and smaller than that of the Ni on the Cu~001! sur-
face, 0.23mB. Further details of the magnetic and electron
properties will be published elsewhere.20

IV. RESULTS AND DISCUSSION

In Fig. 3 are shownI /V characteristic curves of~10!
LEED spot from a Cu~001! surface on which 1 to 3 ML
~monolayers! of Ni has been deposited.21 When 1 ML of Ni
film has been deposited, the peak associated with a c

FIG. 1. A plot of«1 ~solid line!, the total energy difference pe
unit cell of the Ni/Cu~001! system as a function of the Ni-Cu inter
layer spacing. The solid circles are calculated data points, which
fitted to a parabola. The total-energy minimum is found at an Ni-
spacing of 3.01 atomic units.
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copper surface is still found as a shoulder in the low ene
region around 80 eV. When more Ni atoms are deposi
this intact feature gets smaller due to the gradual wetting
the surface by the Ni layer. The peak positions are shif
toward higher energies as the film gets thicker. This sugg
that the interlayer distances near the surface decrease
cause the peak positions are associated, in the sin
scattering approximation, with the Bragg condition in thez
direction.22 Hence, the blueshifts of the peak positions imp
that the atomic structure near the surface is influenced m
and more by the deposited Ni, which has a smaller interla

FIG. 2. The total energy difference of the Cu/1 ML-Ni/Cu~001!
system as a function of the interlayer spacing of~a! Cu~S!-Ni and
~b! Ni-Cu~S-2!. In ~a!, the spacing of the Ni-Cu~S-2! is fixed at the
bulk Ni-Ni spacing, and in~b!, the Cu~S!-Ni spacing is fixed at the
optimum distance determined from~a!. The total-energy minimum
is found at Cu~S!-Ni and Ni-Cu~S-2! interlayer spacings of 2.963
and 3.094 a.u., respectively.
y
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spacing than that of Cu in its bulk state. These shifts of
peak positions do not seem to originate from the inner
tential shift or the work-function change, since the peak p
sitions associated with clean Cu remain intact, and
amounts of the peak-position shifts are too large to be att
uted to a possible work-function change caused by the de
sition of the Ni thin film. This qualitative information on th
atomic structure gives a clue in the search for the ato
structure by dynamic LEED analysis, i.e., the residence
the deposited Ni atoms near the surface.

Quantitative information on the atomic structure near
surface was acquired from the analysis of theI /V character-
istics of the LEED spot intensities using a recently develop
automated tensor LEED package.23 In Table I we show the
summary of all the model structures employed to fit the
perimental LEED I/V characteristics for a system with 1 M
Ni film21 and their respective optimumR ~reliability! factors
~Pendry!24. The optimum structure was found to be the 1 M
thick subsurface Ni film below a 1 ML thick Cu layer, which
wasconsistentwith the model according to which the AE
calibration of the thickness of the Ni film was carried.21 In
Fig. 4~a! are shown the experimentalI -V curves with the
best-fit theoretical curves for this 1 ML thick Ni film. For th
thin film calibrated by AES as 1 ML thick Nioverlayer
system, we have also taken LEEDI /V data. But we could

FIG. 3. LEEDI /V characteristic curves of a~10! beam for vari-
ous thicknesses as of the Ni films deposited on a Cu~001! surface:
~a! a clean Cu~001! surface,~b! a 1-ML-thick Ni film, ~c! a 2-ML-
thick Ni film, and ~d! a 3-ML-thick Ni film. The overall shapes are
similar except for the shifts of peak positions as indicated by
dotted lines.
1-ML
TABLE I. The optimum atomic structures reached from various reference structures when a
equivalent of Ni is deposited.di j means the difference in the relative interlayer spacing between thei th layer
and the j th layer from the interlayer spacing of bulk Cu~001!. The PendryR factor was employed. The
‘‘theory’’ shows the results from our first-principles calculation for Cu/Ni/Cu~001! structure.

Reference structure d12 ~%! d23 ~%! d34 ~%! d45 ~%! d56 ~%! R factor

Ni/Cu 27.0 1.4 21.1 3.9 4.3 0.311
Ni/Ni/Cu 22.4 21.0 20.5 2.2 0.1 0.249
Cu/Ni/Cu 21.8 21.9 0.6 1.8 20.6 0.204
Cu/Ni/Ni/Cu 21.6 22.2 21.3 21.5 3.1 0.292
Cu/Cu/Ni/Cu 22.3 20.6 20.4 22.9 1.4 0.305
Cu/Cu/Ni/Ni/Cu 22.3 20.7 20.4 22.25 0.3 0.294
Ni/Cu/Ni/Cu 24.6 2.5 0.3 0.9 1.0 0.298
Theory 212.6 25.1
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55 7907SUBSURFACE GROWTH OF Ni ATOMS DEPOSITED ON . . .
FIG. 4. The experimental LEEDI /V curves ~solid lines! of
~1,0!, ~1,1!, and~2,0! beams for systems with~a! 1-ML-, ~b! 2-ML-,
and ~c! 3-ML-thick Ni deposited on a Cu~001! surface. The dotted
lines are the theoretical curves which give the best fit to the exp
mental data. In all cases, the best fit was obtained with subsur
Ni layers below a 1-ML-thick Cu capping layer.
not fit theI /V data, when we modeled the film as a Ni ove
layer system with the reliability factor,RPendry less than 0.4.
These results support subsurface growth of Ni rather t
overlayer Ni growth under the current experimental con
tion, as anticipated from the results of the first-principl
calculation.

The subsurface growth of Ni was tested by dosing 100
~Langmuir! of oxygen with the oxygen partial pressure mai
tained at around 531027 Torr after Ni is deposited. During
oxygen dosing, the sample temperature was kept at ro
temperature. Ni is very reactive with oxygen, and when o
gen is exposed to the Ni surface, it forms ap(232) or
c(232) adlayer for oxygen dosages much less than 1007

In the current experiment, however, no superstructure
found in the LEED pattern, and no AES signal associa
with oxygen was detected. On the contrary, the Cu~001! sur-
face is very inert to oxygen and it needs an oxygen dos
much more than 100 L to form an oxygen overlay
structure.25 These measurements suggest that the sur
layer is formed by relatively inert Cu, and reinforces t
conclusion of subsurface growth of the Ni atoms deposi
on the Cu~001! surface.

The formation of clusters and/or a disordered alloy of
and Cu near the surface in registry with the bulk termina
Cu~001! surface is a possibility. Those structures also p
serve thep(131) LEED patterns. However, we expect
well segregated Ni sublayer growth which gives a reasona
goodR-factor value,R50.204, although the possibility of N
and Cu alloying in small amounts cannot be excluded
tirely by the current LEED analysis. For detailed informatio
on the chemical stoichiometry for each layer, the applicat
of chemical tensor LEED~Ref. 26! is highly desirable and is
in progress.

The interlayer distances for Cu~S!-Ni and Ni-Cu~S-2!
~Table I! from both the first-principles calculation and th
LEED I -V analysis show inward relaxation from the avera
bond length of Cu-Cu and Ni-Ni in their bulk states. Th
relaxation is attributed not only to the relatively small latti
size of Ni in its bulk state, but to the large reduction of t
magnetic moment of Ni as given in the first-principles c
culation and the resulting lowered magnetic pressure.

Martenssonet al.8 reported a pronounced photoelectro
peak ~Ni 2p) at an angle 45° from the surface norm

ri-
ce
2-ML
TABLE II. The optimum atomic structures reached from various reference structures when a
equivalent of Ni is deposited.di j means the difference in the relative interlayer spacing between thei th layer
and thej th layer from the interlayer spacing of the bulk Cu~001!. The Pendry’sR factor was employed.

Reference structure d12 ~%! d23 ~%! d34 ~%! d45 ~%! d56 ~%! R factor

Ni/Cu 23.1 24 24.6 10 0.409
Ni/Ni/Cu 22.6 24 21.5 4.3 23.5 0.377
Cu/Ni/Cu 21.9 24 23.1 1.6 20.9 0.331
Cu/Ni/Ni/Cu 21.6 23.7 23.8 21.2 2.5 0.289
Cu/Ni/Ni/Ni/Cu 21.8 23.7 23 23.2 2.8 0.303
Cu/Cu/Ni/Ni/Cu 22.5 24.8 26.5 62.7 54 0.408
Cu/Cu/Ni/Cu 22.8 24.1 23.6 2.2 2.7 0.349
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TABLE III. The optimum atomic structures reached from various reference structures when a
equivalent of Ni is deposited.di j means the difference in the relative interlayer spacing between thei th layer
and thej th layer from the interlayer spacing of the bulk Cu~001!. The Pendry’sR factor was employed.

Reference structure d12 ~%! d23 ~%! d34 ~%! d45 ~%! d56 ~%! R factor

Ni/Cu 23.5 27.5 0.4 6.6 23.3 0.561
Ni/Ni/Cu 24.9 24.3 24.1 21.2 1.5 0.41
Cu/Ni/Cu 22.1 25.3 23.4 0.6 20.1 0.393
Cu/Ni/Ni/Cu 23.8 24.5 24.8 24 4.5 0.377
Cu/Ni/Ni/Ni/Cu 23.4 24.9 23.7 25.6 5.9 0.356
Cu/Cu/Ni/Ni/Cu 23.9 23.7 24.9 23.7 220 0.432
Cu/Ni/Cu/Ni/Cu 21.6 27 22.5 7.5 23.5 0.458
d
a

-

ti
h
t
le

e
of

t
e
s
io

r

r
e
k
re
h

r
r

b
N
e

w

as

-
eo-
ini-

ed
he
els
the

, so
ac-
the

de-
x-

v-
up-
tion
a-
ca-

nce
alongthe@110# direction, when 0.67 ML of Ni is deposite
on the Cu~001! surface. This observation was interpreted
evi-dence for the residence of Ni below a 1 ML Cu surface
layer. Their XPD curve of a Ni 2p peak showed photoelec
tron intensities at angles, ranging fromu 5 6o to 60o from
the surface normal direction. If there were a substan
amount of Ni atoms in the third layer or deeper from t
surface, there should be another peak of photoelectron in
sity ~Ni 2p) at u 5 0o. Then, we expect to find a noticeab
increase of the Ni 2p intensity atu 5 6o, the minimum angle
of observation, since the full width at half maximum of th
peak at 45o is about 16o. But there was found no increase
the photoelectron intensity near the angle,u 5 6o. This result
impies that the Ni atoms did not reach layers deeper than
second layer from the surface. XPD cannot tell whether th
are Ni atoms on the surface layer or not. For the compari
with our conclusion, further study, such as oxygen titrat
experiment, is required. However, we note that the study
Martenssonet al. is, at the least, not contradictory to ou
result.

With 2 ML thick Ni layers and 3 ML thick Ni layers21

deposited on the Cu~001! surface, the same analyses we
repeated@see Figs. 4~b! and 4~c!#. Structures made of a on
monolayer thick Cu capping layer with 2 ML and 3 ML thic
subsurface Ni layers were found to be optimum structu
respectively, as shown in Tables II and Tables III. As t
film thickness increases, theR factors get larger. This indi-
cates the growth of disorder in the atomic structure and/o
the chemical composition near the surface. However, fo
and 2 ML thick Ni films theR factor is still good enough to
identify the growth mode of the Ni unambiguously as su
surface growth. Thus, the picture of the initial growth of a
on Cu~001! surface supported by the current study is a s
regated subsurface Ni layer growth below a 1 ML thick Cu
capping layer which behaves as a surfactant. This gro
behavior is not unique for a Ni/Cu~001! system, but also
s
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of
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e
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found for an Fe/Au~001! system.27 Recently, a model study
on the surfactant effect of the floating substrate layer w
also reporteded for a Ni/Ag~001! system.28

V. CONCLUSION

The initial growth mode of the Ni atoms on Cu~001! was
studied by LEEDI /V analysis and first-principles total en
ergy calculation. Both the experimental results and the th
retical predictions are consistent with each other on the
tial growth mode of Ni on a Cu~001! surface: the growth of
a subsurface Ni film below a 1 ML thick Cu surface layer.
The subsurface growth of Ni, instead of the widely report
metastable overlayer growth of Ni, implies that under t
current experimental condition there are effective chann
for Cu and Ni atoms to interdiffuse, e.g., the structural or
chemical defect sites as found in the recent STM~scanning
tunneling microscope! study.29 The thin film growth depends
very sensitively on various energetic and kinetic variables
the growth mode for the same system may vary widely
cording to experimental conditions. The discrepancies in
literature on the growth mode of Ni on Cu~001! might have
originated for the same reason. To clarify this problem,
tailed studies on the growth mode with well controlled e
perimental variables are required.
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