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The growth of Ni deposited at room temperature on #000) surface was studied by low energy electron
diffraction (LEED). For ultrathin Ni films, ranging from 1 monolay€ML) to 3 ML, subsurface Ni layers
belov a 1 ML thick Cu surface layer were found to give the best fit to LEEW (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 surf&€4.63-18207)03112-3

I. INTRODUCTION loying in the temperature range of 260—300 K, and subsur-
face alloying between 300 and 4508KThis result suggests
Ultrathin films, especially ferromagnetic films on non- the possibility of the interdiffusion of the Ni and Cu atoms
magnetic substrates, have drawn enormous attention becaugear the surface during Ni film growth at room temperature.
they have shown magnetic properties quite different fromHowever, the experimental variables which dictate different
those of bulkt The magnetic properties of ultrathin films growth behaviors for Ni atoms on the @1 surface have
have been reported to be very sensitive to the atomic strudlot yet been clearly identified. _
ture of both the thin film and the interface. So we must study W€ therefore performed an extensive surface crystallo-
the growth modes of thin films. The growth modes of ultra-9raphic study of ultrathin Ni films deposited on ©02) sur-
thin films depend both on the energetics and on various fadaces by the analysis of theV (intensity vs electron beam
tors affecting the kinetics of the deposited atoms. The kineti¢/0ltage chargcterlstlcs of low energy electron diffraction
variables encompass the relative size of the deposited atorisEED) spots. In this work, the possibility of interdiffusion
and the substrate atoms, the deposition rate, the substrs@é the Ni and the Cu atoms was taken into account. The
temperature, the structural order of the substrate, the degré’éev'l%us! /V analysis of the Ni/C(D01) system by Montano
of contamination, and so on. The dependence on kinetic fact @l did not include the possibility of interdiffusion. In
tors is due to nonequilibrium processes usually involved irfddition, the atomic structure of an ultrathin Ni film was
the growth of thin films. This means that depending on theFalculated by first-principles total energy calculatiband
growth conditions of the thin films, various metastablethen compared with results of dynamic LEED crystallogra-

atomic structures can be realized for the same system, poghy- ] ) ] )
sibly with different magnetic propertiés. In the following section, our experimental procedure is

Ni forms bulk alloys with Ct&® And for the (001) surface, dgspribed. In Sec. IIIZ first-principles ce}lc.ulation and its_pre—
the surface free energy of Ni.94 J/n?) is higher than that dlctlon_s on the atomic structures of Ni films are dgscrlbed.
of Cu (1.52 J/n?).* So, it is expected that Cu atoms may Then, in Sec_. IV, the rgsults from our LEE!D\/ analy5|s are
form a layer on top of the deposited Ni film on a ©Q2) compared with theprencal r_esults. In the final section, a sum-
surface, or the copper atoms may form a surface alloy witna"y and conclusion are given.

Ni atoms. A recent molecular dynamics simulafioore-
dicted that the diffusion barrier at the surface can be over-
come at elevated temperature or via defect sites. Neverthe-
less, most experiments on this system have reported direct The CY001) surfaces were prepared through mechanical
and indirect eviden®d for pseudomorphic, overlayer polishing with alumina powder of size down to 0.2 fol-
growth of Ni films on C@001) surfaces. However, a recent lowed by cycles of annealinqup to 1100 K and Ar ion
x-ray photoelectron diffraction’XPD) study on the Ni/ sputtering. To remove residual carbon atoms, the sample was
Cu(001) system reported the commencement of surface aleften annealed at around 500 K in an oxygen environment of

Il. EXPERIMENT
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10 8 Torr for about 20 min. The Ni thin film was deposited 0310

by evaporating Ni from a Ni wirg99.999% purg wound Total Energy Ni/Cu(001)

around a tungsten wir€09.99% purg During the Ni depo- %-0.315
sition, the substrate temperature was in the range of 300-335 ¢
K. The thickness of the deposited Ni film was determined §—0.320
from the relative intensitiek; /I ¢, of Auger electron peaks, A
Ni (LMM, 848 eV}, and Cu (MM, 920 e\).}? For a Ni %-0325
layer of thicknesAx lying betweenx andx+ Ax from the L
surface, £ -0.330
=
Ini /1R =[ 1= exp( — AX/\ yiCOsh) |exp( — X/ \ ¢, COSH) 0308 29 30 31 32 33 34 35
Interlayer Spacing (a.u.)
xXexp(—x/\),
FIG. 1. A plot of e, (solid line), the total energy difference per
Iyl gu: [1—exp(—x/\nicosd) Jexp( — x/2\)) unit cell of the Ni/C001) system as a function of the Ni-Cu inter-
layer spacing. The solid circles are calculated data points, which are
+1 ?;uexp( =X/ N coh)exp — dxX/ A\ p;COSH) fitted to a parabola. The total-energy minimum is found at an Ni-Cu
spacing of 3.01 atomic units.
Xexd — (x+Ax)/\]. (1)

Cu layer on each side of the slafCu/Ni/Cu001)]. The
Kohn-Sham equation's,established in the local spin density
(LSD) approximation, are solved self-consistently employing
the full potential linearized augmented plane wéveAPW)
method'® The explicit form of von Barth and Hedfhis used

Here,| l?li(Cu) is the Auger intensity fo MM transition of Ni
(Cu) if the target is pure bulk N{Cu), and A¢ (nj is the
escape depth of the QINi) Auger electron), is the mean
free path of the incident electron of enen@/KeV), 6 is the

CMA acceptance angle, 42.3The escape depths were ob-f h h lati ial f . larized cal
tained from the universal curve. The relative sensitivity fac-1°" the exchange-correlation potential for spin-polarized cal-

for 1912, was obtained from the database from Physica’alons The Sore lections are Leated L relavetcal
Electronics Industries, In¢ y:

The cleanliness of the surface was determined from thée" .including all relativistic terms but spin—orbit coupliffy. .
AES (Auger electron spectroscopgata, which showed no uE)Ingj)res %st(irzo‘si\vss ;r}ﬁnggsh eo?etL%y Ndilf(';el;eigfee”;fetrhg ach/
definite peaks related to likely contaminants such as carboﬁ ystem \yer spa
and oxygen. Pseudomorphic growth of the film was assumel9: The solid circles are our calculated data points, which

X are fitted to a parabola. The total energy minimum is found
from thep(1x1) LEED pattern. The LEED spot size after . . 27 0
Ni deposition was a little broader, indicating a smaller ter-t0 be at a Ni-Cu spacing of 1.592 A, which is 10.5% smaller

race size than that of a clean Cu surface, but still the bac than from the average of bulk Cu-Cu and Ni-Ni bond

ground intensity was very low, displaying a sharp LEED.engthS‘ In this geometry, the magnetic moment per Ni atom

pattern up to an incident electron energy of 400 eV. The bas® 0.23g. The large relaxation of the Ni-Cu bond length

pressure of the chamber was in the low 3D Torr range, possibly has its origin in the large reduction of Ni magnetic

. . . oment on the surfac@.Figure 2a) shows the total energy
and the chamber pressure during Ni evaporation rose up o : . .
5x 10~ ° Torr. The deposition rate was about 1 ML per 3 of the Cu/Ni/Cy{001) system as a function of the interlayer

. . e . spacing of C(S)-Ni while the interlayer spacing of Ni-
min. The residual magnetic field was kept below 0.05 G InCu(S-2) is fixed at the interlayer spacing of the bulk Ni. The
all three perpendicular directions by employing three Perpen; - eneray minimum is found at a 9-Ni spacing of
dicular Helmholtz coils. The symmetry of our experimental 9y P 9

geometry and the effective removal of the residual magnetiésS;?fu’i'Clt?os'g]; tzhb;’i::gr&algffﬁiiftﬂﬁﬂgrﬂﬁg tgrsvsiﬁ]nted
field was confirmed from the virtual identity of théV char- Yer sp 9

o ) ) : the CUS)-Ni layer spacing fixed at the optimum spacin
acteristics of symmgtr!cally equivalent spots. To obtam thefound Li(n )Fig. Z;;- Thg tota?energy minimurﬁ is foundpto beg
LEED 1/V characteristics from the LEED patterns, a V|deoat an Ni-CuS-2) interlayer spacing of 1.713 A. The total

LEED system was employed, which proved to give reliable . .
results f)</)r clean C(lﬁ)Ol)par?d Ag001) sErfaces'l.“ 9 energy of the subsurface Ni system is smaller by 30 mRy per

atom than that of the overlayer Ni system. In the subsurface
system, the magnetic moment per Ni atom is very small,
lll. FIRST-PRINCIPLES CALCULATION 0.18ug, compared to that of the Ni atom in its bulk state,
0.57ug, and smaller than that of the Ni on the ©Q1) sur-

ce, 0.23z. Further details of the magnetic and electronic
properties will be published elsewhéfe.

To determine the stable structure for this Ni on the
Cu(00]) system, the total energies are calculated as function
of all of the Ni-Cu interlayer spacings for two cases. In one
case, the Ni 1 ML remains as an overlayer, and in the other
case, the Ni atoms diffuse into the_ Cu substrate to' form a IV. RESULTS AND DISCUSSION
subsurface layer. We employ the single slab approximation.

The single slab for the overlayer Ni system is composed of In Fig. 3 are shownl/V characteristic curves of10)
seven layers of Q001) with a Ni monolayer on each side of LEED spot from a C(001) surface on which 1 to 3 ML
the slab[Ni/Cu(001)]. The subsurface Ni system is com- (monolayers of Ni has been depositéd.When 1 ML of Ni
posed of five layers of G001 with a Ni monolayer and a film has been deposited, the peak associated with a clean
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-0212 FIG. 3. LEEDI/V characteristic curves of @0) beam for vari-
5 ous thicknesses as of the Ni films deposited on &Qa1) surface:
T -0213 (a) a clean C(00)) surface,(b) a 1-ML-thick Ni film, (c) a 2-ML-
5 thick Ni film, and(d) a 3-ML-thick Ni film. The overall shapes are
ﬁ 0214t similar except for the shifts of peak positions as indicated by the
2 dotted lines.
& -0215
o
5 0216 spacing than that of Cu in its bulk state. These shifts of the
g peak positions do not seem to originate from the inner po-
2 0217 . ‘ tential shift or the work-function change, since the peak po-

X 2.9 3.0 3.1 3.2 33 3.4 sitions associated with clean Cu remain intact, and the

S

Interlayer Spacing (a.u.) amounts of the peak-position shifts are too large to be attrib-
uted to a possible work-function change caused by the depo-
FIG. 2. The total energy difference of the Cu/1 ML-Ni/002) sition of the Ni thin film. This qualitative information on the
system as a function of the interlayer spacing@fCu(S)-Ni and ~ atomic structure gives a clue in the search for the atomic
(b) Ni-Cu(S-2). In (a), the spacing of the Ni-Q®-2) is fixed at the ~ Structure by dynamic LEED analysis, i.e., the residence of
bulk Ni-Ni spacing, and ir(b), the CYS)-Ni spacing is fixed at the the deposited Ni atoms near the surface.

optimum distance determined fro¢a). The total-energy minimum Quantitative information on the atomic structure near the
is found at C¢S)-Ni and Ni-CUS-2) interlayer spacings of 2.963 surface was acquired from the analysis of th¢ character-
and 3.094 a.u., respectively. istics of the LEED spot intensities using a recently developed

automated tensor LEED packagein Table | we show the
copper surface is still found as a shoulder in the low energgummary of all the model structures employed to fit the ex-
region around 80 eV. When more Ni atoms are depositedperimental LEED I/V characteristics for a system with 1 ML
this intact feature gets smaller due to the gradual wetting oNi film?2! and their respective optimuf (reliability) factors
the surface by the Ni layer. The peak positions are shiftedPendry®*. The optimum structure was found to be the 1 ML
toward higher energies as the film gets thicker. This suggesthick subsurface Ni film belw a 1 ML thick Cu layer, which
that the interlayer distances near the surface decrease b&asconsistentwith the model according to which the AES
cause the peak positions are associated, in the singlealibration of the thickness of the Ni film was carrigdin
scattering approximation, with the Bragg condition in the Fig. 4& are shown the experimentélV curves with the
direction?? Hence, the blueshifts of the peak positions imply best-fit theoretical curves for this 1 ML thick Ni film. For the
that the atomic structure near the surface is influenced morhin film calibrated by AES as 1 ML thick Noverlayer
and more by the deposited Ni, which has a smaller interlayesystem, we have also taken LEHIV data. But we could

TABLE I. The optimum atomic structures reached from various reference structures when a 1-ML
equivalent of Ni is deposited;; means the difference in the relative interlayer spacing betweeiitttayer
and thejth layer from the interlayer spacing of bulk @@1). The PendryR factor was employed. The
“theory” shows the results from our first-principles calculation for Cu/Ni(GQd) structure.

Reference structure dy, (%) dys (%) d3y (%) dys (%) dsg (%) R factor
Ni/Cu -7.0 1.4 -1.1 3.9 4.3 0.311
Ni/Ni/Cu —2.4 —-1.0 -0.5 2.2 0.1 0.249
Cu/Ni/Cu -1.8 -1.9 0.6 1.8 -0.6 0.204
Cu/Ni/Ni/Cu —-1.6 —-2.2 —-13 -15 3.1 0.292
Cu/Cu/Ni/Cu —-2.3 —-0.6 —-04 -29 1.4 0.305
Cu/Cu/Ni/Ni/Cu —-2.3 -0.7 —-04 —2.25 0.3 0.294
Ni/Cu/Ni/Cu —4.6 2.5 0.3 0.9 1.0 0.298

Theory -12.6 -5.1
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not fit thel/V data, when we modeled the film as a Ni over-
layer system with the reliability factoRpenqryleSs than 0.4.
These results support subsurface growth of Ni rather than
overlayer Ni growth under the current experimental condi-
tion, as anticipated from the results of the first-principles
calculation.

The subsurface growth of Ni was tested by dosing 100 L
(Langmuip of oxygen with the oxygen partial pressure main-
tained at around %10 7 Torr after Ni is deposited. During
oxygen dosing, the sample temperature was kept at room
temperature. Ni is very reactive with oxygen, and when oxy-
gen is exposed to the Ni surface, it formspé2x2) or
c(2x2) adlayer for oxygen dosages much less than 160 L.
In the current experiment, however, no superstructure was
found in the LEED pattern, and no AES signal associated
with oxygen was detected. On the contrary, theé@Dd) sur-
face is very inert to oxygen and it needs an oxygen dosage
much more than 100 L to form an oxygen overlayer
structuré’® These measurements suggest that the surface
layer is formed by relatively inert Cu, and reinforces the
conclusion of subsurface growth of the Ni atoms deposited
on the C001) surface.

The formation of clusters and/or a disordered alloy of Ni
(b) Energy (eV) and Cu near the surface in registry with the bulk terminated
Cu(001) surface is a possibility. Those structures also pre-
serve thep(1X1) LEED patterns. However, we expect a
well segregated Ni sublayer growth which gives a reasonably
goodR-factor value R=0.204, although the possibility of Ni
and Cu alloying in small amounts cannot be excluded en-
tirely by the current LEED analysis. For detailed information
R S on the chemical stoichiometry for each layer, the application
of chemical tensor LEEDRef. 26 is highly desirable and is
in progress.

The interlayer distances for C3)-Ni and Ni-CuS-2
(Table ) from both the first-principles calculation and the

© Energy (eV) LEED |-V analysis show inward relaxation from the average
bond length of Cu-Cu and Ni-Ni in their bulk states. This

FIG. 4. The experimental LEED/V curves (solid liney of  relaxation is attributed not only to the relatively small lattice
(1,0, (1,1), and(2,0 beams for systems witta) 1-ML-, (b) 2-ML-, size of Ni in its bulk state, but to the large reduction of the
and(c) 3-ML-thick Ni deposited on a Q00J) surface. The dotted magnetic moment of Ni as given in the first-principles cal-
lines are the theoretical curves which give the best fit to the expericulation and the resulting lowered magnetic pressure.
m'ental data. In all cases, _the best fit was obtained with subsurface partenssonet al® reported a pronounced photoelectron
Ni layers below a 1-ML-thick Cu capping layer. peak (Ni 2p) at an angle 45° from the surface normal

[2.0]

Intensity

50 100 150 200 250 300 350
(a) Energy (eV)

[2,0]

[1.1]

Intensity

[1,0]

50 100

150 200 250 300

2,01

Intensity

50 100 150 200 250 300 350

TABLE II. The optimum atomic structures reached from various reference structures when a 2-ML
equivalent of Ni is deposited;; means the difference in the relative interlayer spacing betweeitittayer
and thejth layer from the interlayer spacing of the bulk @©Q1). The Pendry’sR factor was employed.

Reference structure dq, (%) dys (%) d3y (%) dys (%) dsg (%) R factor
Ni/Cu -3.1 -4 -4.6 10 0.409
Ni/Ni/Cu —-2.6 -4 -15 4.3 -35 0.377
Cu/Ni/Cu -19 -4 -3.1 1.6 -0.9 0.331
Cu/Ni/Ni/Cu -1.6 -3.7 —-3.8 -1.2 2.5 0.289
Cu/Ni/Ni/Ni/Cu -1.8 -3.7 -3 -3.2 2.8 0.303
Cu/Cu/Ni/Ni/Cu —-25 —4.8 —-6.5 62.7 54 0.408

Cu/Cu/Ni/Cu —2.8 —-4.1 —-3.6 2.2 2.7 0.349
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TABLE Ill. The optimum atomic structures reached from various reference structures when a 3-ML
equivalent of Ni is deposited;; means the difference in the relative interlayer spacing betweeittttayer
and thejth layer from the interlayer spacing of the bulk @©Q1). The Pendry’sR factor was employed.

Reference structure dy, (%) dys (%) d3s (%) dys (%) dsg (%) R factor
Ni/Cu -35 -75 0.4 6.6 -3.3 0.561
Ni/Ni/Cu —4.9 —43 —-4.1 -1.2 15 0.41

Cu/Ni/Cu -21 -53 -34 0.6 -0.1 0.393
Cu/Ni/Ni/Cu —-3.8 —4.5 —4.8 -4 4.5 0.377
Cu/Ni/Ni/Ni/Cu -34 —-4.9 -3.7 —-5.6 5.9 0.356
Cu/Cu/Ni/Ni/Cu -39 —-3.7 —-49 23.7 —20 0.432
Cu/Ni/Cu/Ni/Cu —-1.6 -7 —-25 7.5 —-3.5 0.458

alongthe[110] direction, when 0.67 ML of Ni is deposited found for an Fe/A(001) systen?’ Recently, a model study
on the C(0021) surface. This observation was interpreted ason the surfactant effect of the floating substrate layer was
evi-dence for the residence of Ni belea 1 ML Cusurface also reporteded for a Ni/A§01) systent®
layer. Their XPD curve of a NiR peak showed photoelec-
tron intensities at angles, ranging froéh= 6° to 6 from _ V. CONCLUSION
the surface normal direction. If there were a substantial
amount of Ni atoms in the third layer or deeper from the The initial growth mode of the Ni atoms on @01) was
surface, there should be another peak of photoelectron intestudied by LEEDI/V analysis and first-principles total en-
sity (Ni 2p) at 8 = 0°. Then, we expect to find a noticeable ergy calculation. Both the experimental results and the theo-
increase of the Ni g intensity atd = 6°, the minimum angle retical predictions are consistent with each other on the ini-
of observation, since the full width at half maximum of the tial growth mode of Ni on a G@021) surface: the growth of
peak at 48is about 16. But there was found no increase of a subsurface Ni film bels a 1 ML thick Cu surface layer.
the photoelectron intensity near the angles 6°. This result  The subsurface growth of Ni, instead of the widely reported
impies that the Ni atoms did not reach layers deeper than theaetastable overlayer growth of Ni, implies that under the
second layer from the surface. XPD cannot tell whether thereurrent experimental condition there are effective channels
are Ni atoms on the surface layer or not. For the comparisofor Cu and Ni atoms to interdiffuse, e.g., the structural or the
with our conclusion, further study, such as oxygen titrationchemical defect sites as found in the recent S{Edanning
experiment, is required. However, we note that the study ofunneling microscopestudy?® The thin film growth depends
Martenssonet al. is, at the least, not contradictory to our very sensitively on various energetic and kinetic variables, so
result. the growth mode for the same system may vary widely ac-
With 2 ML thick Ni layers and 3 ML thick Ni layerd  cording to experimental conditions. The discrepancies in the
deposited on the G001) surface, the same analyses wereliterature on the growth mode of Ni on G201) might have
repeatedsee Figs. &) and 4c)]. Structures made of a one originated for the same reason. To clarify this problem, de-
monolayer thick Cu capping layer with 2 ML and 3 ML thick tailed studies on the growth mode with well controlled ex-
subsurface Ni layers were found to be optimum structuresperimental variables are required.
respectively, as shown in Tables Il and Tables Ill. As the
film thickness increases, th%.factors get_ larger. This indi- _ ACKNOWLEDGMENTS
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