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The thickness dependence of the magneto-optical properties has been investigated for epitaxially grown
face-centered-cubic Co and Ni films on a(Q@l) surface. An energy shift toward the low-energy side in the
high-energy structure of the off-diagonal conductivity spectra of 20 A thick films is found for both the Co and
Ni films. Non-self-consistent band calculations for the fcc form of Co and Ni are carried out with changing
lattice parameter. The calculated conductivity spectra are compared with the experimental results. The energy
shift is attributed to the narrowing of thed®and which might be due to the expansion of the atomic volume
due to the lattice mismatch in the interface and the reduction of the atomic coordination number in the surface
and in the interfacg.S0163-18206)05846-9

I. INTRODUCTION a zigzag structure at around 5.5 eV. lw,, changes its
sign from positive to negative in the vicinity of 5.5 eV.
The magneto-optical Kerr effect of artificial multilayers Theoretical investigations on Fe, Co, and Ni pointed out that
of transition-metal ferromagnets has been one of the majdanterband transitions in both spin bands were responsible for
subjects of material research over the last decades, because high-energy structur@-13The transitions occur between
of its interest for application to recording media. Multilayers the hybridizeds-d bands located bottom ofd3band(1 band
of Co, especially, have received much attention because thegnd the highep-like bands above the Fermi levéd band.
exhibit a large magneto-optical Kerr effect at shorter wave-Those are permitted along ti axis and in the vicinity of
lengths compared with the materials already made practithe symmetry pointX andL. It is considered that the zero-
cable. Numerous experimental studies investigating theicrossing point of the Imwo,, spectrum is approximately
magneto-optical properties have been condutfe®n the proportional to the 8-band width®*3
other hand, fundamental research in a different direction, in- The 3d-band width depends strongly on the lattice spac-
cluding quantum size effeétnonequilibrium phases such as ing, as well as on the atomic coordination number. In ultra-
face-centered-cubic Cberystallographic orientation depen- thin films, it is generally believed that the reduction of the
dence of the Kerr effectand granular structufthave been coordination number in the surface will result in a narrowing
carried out recently. These studies have attracted our attenf the 3d bands. In addition, a larger lattice parameter due to
tion again to the usefulness of magneto-optical Kerr effecthe lattice mismatch in the interface will causes a narrowing
spectroscopy as an experimental technique for investigatingf the 3d bands. In theoretical investigations, the shift of the
the electronic structure of ferromagnets. high-energy structure of the Kerr spectra with changing the
In ferromagnets, with the presence of both the ferromaglattice parameter has been mentioned by Oppereat*
netic exchange splitting and the spin-orbit coupling, the conRecently, Gasche, Brooks, and Johan$squerformed a
ductivity tensor is not diagonal, and magneto-optical Kerrsimilar investigation for the case of fcc Co. Gasche observed
effects are produced. The conductivity tensor is an importanthat an increase of the lattice parameter by 6% leads to ap-
physical quantity for the study of the electronic structure ofproximately an 1 eV shift of the high-energy zero-crossing
metals. For bulk Fe, Co, and Ni, spectra of the off-diagonapoint in the Kerr rotation spectra. Relatively few experimen-
elements of the conductivity tensor covering the photon ental studies, however, have been carried out to study this
ergy range of 1 to 6 eV have been reported by Krinchik ancbroblem. In the previous pap&twe reported that the high-
Artemiev, Erskine and Sterfi,and Buschow. From their  energy structure in the Imday,, spectrum of a 20 A thick fcc
results, in the above photon energy range, the spectrum @o film grown on a C(001) surface was clearly different
the absorptive part of the off-diagonal conductivity tensorfrom that of a 1000 A thick film. The spectrum of the 20 A
(Im wayy) of Fe, Co, and Ni has roughly two features. One isthick film changed its sign from positive to negative at
a high posmve peak located at about 1.5 eV, and the other iaround 5 eV, but the spectrum of the 1000 A thick film was
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still positive at 5 eV. Assuming a narrowing of thel ®ands

for 20 A thick films, we are able to understand our results on 3 (@) Cu 2000 AiAg 1000 AMGOO0T)
the basis of these theoretical investigations. s

To obtain a better understanding of the unique magneto- 2r
optical properties of the ultrathin films, we performed a sys-
tematic study of the magneto-optical Kerr effects of fcc 1+
Co(001) and Ni{002) ultrathin films grown on C(002) sur- °
faces. In our discussion, we will compare the experimentally 0 s
obtained conductivity spectra with those evaluated from non- = P
self-consistent bandycaFI)cuIations including lattice distortions. (&) Co 1000 A/Cu 2000 A/Ag 1000 AMgO(001)

This will be used to provide significant information aboutthe 3 | Bl e e I
modified electronic structure of the ultrathin films. 2 A
(8] - -
Il. EXPERIMENTAL ) 2 fos Co(002)

Both 20 and 1000 A thick Co and Ni films were prepared 2 1r 0 N
by means of electron-beam heating in a chamber with a base  § s st 82 %
pressure less thanx8.0 ! Torr. A polished MgO single £ |
crystal was used as a substrate. Prior to the deposition, the 7 (c) Ni 1000 A/Cu 2000 A/Ag 1000 AMgO(001) T
MgO substrate was heated to 830 °C in order to remove ad- 3 b PO S — i
sorbed gases. First, an Ag buffer layer of 1000 A thick was Cu(002) foc Ni(002)
deposited at room temperature to alleviate the lattice mis-
match between Cu and MgO. On top of the Ag buffer layer, 2r 7]
a Cu seed layer was deposited. We chose a thickness of this
seed layer of 2000 A in order to avoid light transmission 1 .
and/or interference effects. The Co or Ni layer was grown on .
this seed layer at room temperature. The growth rate of Co 0 - L I Lo LA A
and Ni was 2 A/min. The thickness of the layers and the 20 30 40 50 60 70 80 90 100

growth rate were measured by means of a calibrated quartz
thickness monitor. The calibration was performed with an
accuracy of 10% using the intensity oscillations associated g5 1 X-ray-diffraction patterns for 1000 A thick Co and Ni
with reflection high-energy electron diffractid®RHEED)."® s grown on Cu 2000 A/Ag 1000 A/Mg(@01) substrates. Insets
Growth mode and crystal structure were monitored durinthre enlarged figures around 50°.

the deposition by using a RHEED apparatus and a digital

camera system.

26 (deg.)

Ell . ; d using try as that of the C®01) surface. Conventional x-ray-
Ipsometric measurements were performed usingnan it » otion patterns for a 1000 A thick Co and Ni film are

. . _9
situ s_pectrometer in a background pressure J&flﬂ)_ ;I'orr. shown in Fig. 1 together with that of a 2000 A thick Cu film.
Details of the apparatus have been reported prevididipe Lr; the insets of the figure are enlarged figures around 50°.

?_?]gle of inlcid<|a<nce was_s?‘} at_55.7° from the S“(;fac_e noLma nly a fcc (002 peak are found in both cases. An interlayer
F € gomp eli( eg ﬁOtat'o kﬂ'}@é&”}"‘sg‘eﬁsﬂre ulsmg tde spacing of the peak is 1.770 and 1.755 A for Co and Ni,
araday-cell modulation met In both the polar an respectively. The former is in good agreement with (0@2

the longitudinal configuration. The complex optical param- ; ; : _ 21
etern+ik was measured by the rotating analyzer method. ;gacmg found for thick fcc Co filméd =1772 A** Figure

: a) shows thickness dependence of the lateral lattice param-
The spectra were measured in the photon energy range 1.7(5 er for fcc Co, which was measured by meansirositu

5# eVin a Femgne'?thStarfe in order to .re(;juce tr:_? FaradfaﬁéHEED observation during the film growth. The lattice pa-

efiect associate W't the vacuum Wwindows. YStereS'§ameter were evaluated from intervals betwé@h and(01)

curves were determined by measuring the Kerr rotation anglgtreaks in RHEED images along tfi200] direction. The

as a function of 'ghe applle_d field of up to 2.3 kO_e. accuracy of the measurements#8.01 A. The lateral lattice
For 1000 A thick films, in order to study the high-energy parameter for the 20 A thick layer takes a value of 3.59 A

structure of the Kerr spectra above 5.1 eV, we also P€Twhich is about 0.6% less than that for the Cu substrate and is

formed ex situKerr effect measurements with an improved -
: . also about 1.4% expanded from that of the 1000 A thick fcc
JASCO-2500 spectrometer. This spectrometer is based o film. The lattice parameter approaches that of the bulk fcc

thg" plezoblrefrlr;getnltor?o_?&atl%n meth&tiThe a:ngle of ('jn' Co film asymptotically with thickness. In the case of fcc Ni,
claence was set a ' situmeasurements Were done 5 gimjjar change of the lattice parameter can be seen in Fig.

in th_e phqton energy range Of 1.7 t0 6.0 eV in the pol_arz(b)_ The lateral lattice parameter of the 20 A thick film is
configuration W'th a magnetic field of 18.8 kOe. Al EXPerl- 3 59 A. This is about 2.0% expanded from that of the intrin-
ments were carried out at room temperature. No protectioqic \ajue for bulk fec Ni. The result for Ni is consistent with

layers for oxidation were employed. that reported by Matthews and Crawfdrd.

Chappert and Brurfd presented a phenomenological
model for the relaxation process due to lattice-mismatch-
RHEED patterns observed during the growth of 1000 Ainduced strain. They assumed that the lateral stsaian be

thick films essentially maintained the same fourfold symme-written as

[ll. EXPERIMENTAL RESULTS
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FIG. 2. Lateral lattice parameterof (a) fcc Co and(b) fcc Ni i T {ff;ﬂg}f,?fﬁ}’gf‘om) 1
film grown on a Cig001) surface as a function of the film thickness -0.3 ! ! ! ! !
t. The lattice parameter were measured by meatis situ RHEED 1 2 3 4 5 6 7

observation. The dashed lines show calculated values usindEq.
We assumed the lattice parameter for bulk fcc Co is 3.54 A, that for
bulk Ni is 3.52 A, and that for Cu is 3.61 A.

Photon energy (eV )

FIG. 3. Polar Kerr spectra for fcc Co and Ni 1000 A(C01)

te compared with the experimental data of Welidral. (Ref. 5 and

E=7 T 1) Visinovsky et al. (Ref. 29. Our spectra were measurex situwith
a magnetic field of 18.8 kOe.

wheret is thickness of the layet, is critical thickness above
where dislocations begin to appear ands the lattice mis- Also shown are the data of single-crystal fcc(Q@l) and
match. In Figs. 23) and 2b), we have displayed the depen- hcp Cd0001) films reported by Welleet al® Our data are
dence calculated from Eql) by broken curves with,=15  similar to those of fcc C@01) and slightly different from
and 20 A for the fcc Co and the fcc Ni, respectively. We canhcp Cd001) at the low-energy side. The magnitude of the
see that the thickness dependence of the lateral lattice parafferr rotation angle and ellipticity, however, are smaller than
eter can be explained well by their model. those of Weller's data by 0.05°-0.2°. This may be due the
Before the spectroscopic measuremeimsitu Kerr hys-  difference of the intensity of applied field. FiguréoBshows
teresis measurements during the growth of the 20 A thickhe polar Kerr rotation and ellipticity spectra for the 1000 A
films were carried out at a fixed wavelength of 500 nm. Forthick fcc Ni(00J) film. These spectra are in good agreement
Co, the Kerr loop was observed firgt@A with an in-plane  with those presented by Visnovsley al*
easy axis. The magnetization was observed to lie in-plane for Figures 4a) and 4b) show theo,, and way, spectra for
thickness up to 20 A. By contrast, for Ni, the polar Kerr loop fcc Co. Also shown are they, spectra of polycrystalline Co
with the remanence ratio of unity was observed above 13 Afilm reported by Johnson and CristyThe diagonal and off-
These behaviors agree with previous restfité® Though a  diagonal elements of the conductivity tensor of the fitm,
predominant in-plane magnetization was reported for théind wo,,, were calculated from the measured value of the
samples below 13 A by Wwetal?’ and O’Brien and complex Kerr rotationd,+i», and the complex optical pa-
Tonnef® we did not observe both an inplane component andametern+ik. We assume here a time dependence of the
a perpendicular component of the magnetization. The typicaglectric field a™'“*, and hence we specify the diagonal and
coercivity of the 20 A thick films were 250 Oe for Co and off-diagonal elements of the conductivity tensor ag,
300 Oe for Ni. For the 1000 A thick films, an in-plane easy = oy +io}, and woy,=woy,+iwoy,, respectively. In the
axis was observed in both cases. low-energy range below 3 eV, both of our spectra show good
The polar Kerr rotation and ellipticity spectra for the 1000 agreement in shape. However, there is a noticeable differ-
A thick fcc Co001) film are shown in Fig. @). These spec- ence between thea,, spectra for the 20 A thick film and for
tra were measureelx situwith a magnetic field of 18.8 kOe. the 1000 A thick film above 3 eV. For the 1000 A thick film,



54 EFFECTS OF THE SURFACE AND INTERFACE ON TH. . . 15953

8 T T T T 10 I I ~ni20 A
—Ni20A
uron | | ---Ni1000A -
i — o2k Johnson et al.
N - Johnson etal. - 8 ]
. |
2 ' g " ]
o | e "
T o4 i E -
: =
; | e U W I A |
) _
2 - s e 7]
0 | | | l ‘ 0 :
10 T T T T T 3 l I I I I
—— Co 20A/Cu(001)
~-- Co 1000A/Cu(001)
- %
‘»
H =
Z 0 3
- 3
o)
g ’ ]
-10 ' ' ' l I
1 2 3 4 5 6 7T L
Photon energy (V) Photon energy ( eV )

FIG. 4. Diagonal and off-diagonal conductivity spectra of fcc . . -
Co/CUY00)) films. The solid and broken curves correspond to 20 FIG. 5. p|agonal and.off-dlagonal conductivity spectra of fcc
and 1000 A thick films, respectively. The off-diagonal conductivity Ni/Cu(00Y) f|Ims. 'I_'he solid anc_:l broken curves correspond tg .20
of 20 A thick film were calculated from the longitudinal Kerr spec- and 1000 A thick films, respectively. The off-diagonal conductivity
tra measuredn situ. The 1000 A data were calculated from the of 20 A thick film were calculated from the longitudinal Kerr spec-
polar Kerr spectra measurex situwith a magnetic field of 18.8 tra measuredn situ. The 1000 A data were calculated from the

kOe. The dotted curves are data of Johnson and 30, polar Kerr spectra measurexk situwith a magnetic field of 18.8
Cifiey. 30 kOe. The dotted curves and the dash-dotted curves are data of

Johnson and Crist{Ref. 30 and BuschowRef. 9), respectively.
the way, spectra exhibit a resonance-type structure at around

5.4 eV. The Raway, spectrum has a negative broad peak at IV. NUMERICAL RESULTS AND COMPARISON
5.3 eV. The Imwoay, spectrum is correspondingly dispersive WITH EXPERIMENT

and changes its sign at around 5.4 eV. However, dhg,
spectra for the 20 A thick film exhibits a similar resonance
structure but at a lower the energy. The dmx,, spectrum
crosses zero at 4.9 eV which is 0.5 eV lower than that of th
1000 A thick film. It is of interest that no clear differences
are observed between tbg, spectra for the 20 A thick film
and for the 1000 A thick film.

Figures %a) and 5b) show theoy, and way,, spectra for
fcc Ni. For comparison, the,, spectra of polycrystalline Ni
film reported by Johnson and Cridtyand theway, spectra
of bulk fcc Ni reported by Buschoware shown. Apparently,
the high-energy structure of theo,, spectra of the 20 A
thick film shifts to the lower energy side, while the shape of — -5

Vadm= Nddm @ - (2
the low-energy structure does not change much. The zero-
crossing point of the Inwo,, spectrum for the 20 A thick The coefficientsyym and other parameters using to describe
film is 3.8 eV which is 0.6 eV lower than that of the 1000 A a 4x4 conduction block and a>84 hybridization block were
thick film. The o, spectra for the 20 A thick film and for the determined by fitting energies of several sets of high sym-
1000 A thick film are alike in shape. This behavior bears ametry pointsl’, X, L, andW to the results of first-principles
striking resemblance to that observed in the fcc Co film.  calculations. We used a calculation based on the local spin-

The interpolation scheme has been used here to construct
the electronic structure and evaluate the conductivity spectra
of bulk fcc Co and Ni. The scheme is roughly the same as
§he one described by Smith and Matthéiswe used a %9
Hamiltonian involving four orthogonalized plane waves in
addition to fived-type basis functions in terms of linear com-
bination of atomic orbitals given by Slater and KosteA
5X5 secular equation fai-d block is described using three
two-center overlap parametevgy, (m=o,7,8). We intro-
duce a following parametized relation between the two-
center overlap parameteyg,y,, and the lattice parameter
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density approximation for bulk fcc Ca=3.540 A). Also 2000
used is a calculation of Wang and Callawafpr bulk fcc Ni (a)
(a=3.516 A). The exchange splitting was included by shift- -~ - Halilov et.al
ing the diagonal matrix elements of the minority-spin up-
ward relative to those for the majority-spin.

Spectra of the absorptive parts of the diagonal and off-
diagonal conductivity tensor, i.e., R, and Imwa,, have
been calculated over the photon energy range of 0.5 to 8 eV.
Only contributions from the interband transition were taken
into account. In the limit of infinite relaxation time, the real
part of diagonal elements of the conductivity tensor
become®

1000

Re 0,,°* ( arb.units )
T
Re o, (10" s™)

e 1 ,
Reoy=— E Jdk3 |p§)‘ (K)|?8(0— wmp), 500 T T T T T 1 10
m<h XA\ ®Wmn b)
©)

and the imaginary part of the off-diagonal elements is

) I 1«
e 1 i ?«’lw
IM woy=—r > | dk® Im(EX (k)pM (k) £ e
Ymth F ®mn Px Py N E —=3 0 3
8 / g
X 8(w— wmn), (4) g‘ / €
E i ]

where w,,, is an energy difference between final and initial

bandsm, n. pi*'(k) andpy"(k) arex,y components of the
matrix element of the momentum operatorat the wave

vectork. For Bloch states, the Cartesian components of the -500 L 1111 -10
matrix elementp; (i=x,y) is approximately given bY 0 1 2 3 4 5 8 7 8
m (?H}""(k) Photon energy (eV)

N ()= 7 =, (5)
, ' FIG. 6. Calculated conductivity spectra for fcc Co. Solid curves:
whereH™ is A\’ component of the HamiltoniaH. present work, broken curves: Halilov and Uspen&ef. 13.

Inclusion of the spin-orbit interaction is indispensable to . .
evaluate the off-diagonal elements of the conductivity tensorwang and Callaway are also shown in the figures. Al-

To simplify the problem, we considered the spin-orbit effectfhough our calculation are not self-consistent, for the diago-

as a first-order perturbation on the Hamiltonidn because nal conductivity Rey,, the features of the spectra bear
. er p X strong resemblance to those three calculations. In the case of
the spin-orbit effect would produce a small change on th

. f th &he off-diagonal conductivity Inwa,,, the comparisons are
band energy in the same degree as the accuracy of the comy, e, |ess satisfying than that for the diagonal conductivity.

putation. Following Argyre¥ and Coopef} Eq.(4) may be oy calculations reproduce the clear structure above 4 eV,
written, where the spectrum switches sign from positive to negative,
e 1 but tge I'?r?atilon?hare Slhiftle?' to thfe Iot\)/v?rr1 ?ergyds:\tlj'e _(Ifgm—
- 3 A ared with all other calculations, for bo o and Ni. This
IM 0oxy==A mh % f dk @mn X (k) ﬁwight be due to the inadequacy of our use of the basis func-
) tions to represens, p-like states.

XY (K) (@~ wmp), (6) Figures 8a) and 8b) show the calculated Re,,,

o o ) ) . Im way,, spectra for fcc Co, respectively. We have calculated
where the plus sign is for majority spin and the minus signine spectra for the lattice parameter changed 8/ and
for minority spin,A is the one-electron spin-orbit parameter -5 o5 with respect to the experimental value. For the
for free atoms, ang}* (k) and py‘/(k) are then the matrix Im woy, spectrum, the high-energy structure is clearly seen
elements of the momentum operapowithout the spin-orbit  to shift with changing lattice parameter. It should be noted
interaction terms. The spin-orbit parameferis not an ad- that the zero-crossing point in the structure shifts to the
justable parameter, hence we treafeds a given parameter lower energy side with increasing lattice parameter. The shift
and did not consider absolute values of the conductivity tenef the zero-crossing point is about 0.5 eV for a 5% increase
sor. in lattice parameter. The decrease of the lattice parameter

In Figs. 6 and 7, we displayed the calculated conductivitjeads to an increase in the zero-crossing point. The low-

spectra for bulk fcc Co and Ni. We used here the experimenenergy structure of the Inao,, spectra are, however, stable
tal values ofa=3.54 and 3.52 A for the lattice parameters of with changing lattice parameter. By considering the corre-
Co and Ni, respectively. In the calculation, the lifetime effectsponding band structures, it turned out that the position of
was not taken into account. Results of the different computhe lower hybridizeds-d bands(1 band nearX) and L)
tations by Halilov and Uspenski, Oppeneeret al.®” and  were conspicuously moved up and down by changing the
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FIG. 7. Calculated conductivity spectra for fcc Ni. Solid curves:
present work, broken curves: Halilov and Uspen@ef. 13, dot- FIG. 8. Calculated conductivity spectra for fcc Co as a function
ted curves: Wang and CallawdRef. 33, dashed-dotted curves: of the lattice parameter.
Oppeneeet al. (Ref. 37.

lattice parameter. The bands close to the Fermi energy, how€ IM@ay, spectrumAE for both fcc Co and Ni, respec-
ever, do not change much. Therefore, the shift of the 1 band'VIEIV' We estimatedV, from the energy difference between
namely the narrowing of thedBband width, may account for Wi @ndXs points.Wy varies in an inverse fashion with the
the change in the high-energy structure in theay,, spec- Iatt|c_e parameter. A 5% increase of the lattice parameter re-
trum. A point to which special attention should be paid isSult in @ 0.88 and a 0.72 eV decreasevdf for fcc Co and
that the structure of the Re,, spectrum is seen to remain Ni, respectively. It also leads to a 0.4-0.5 eV lower-energy
unchanged in the entire photon energy range. Apparen“ﬁhlft in the zero-crossing point of the' |y, spectrum. The
this behavior is also true for the case when we compare th¥alues ofAE=0.4-0.5 eV are required to explain the ob-
experimental conductivity spectra of the 20 A thick fcc Co Served differences between the i, spectrum of the 20
film with those for the 1000 A thick filmisee Fig. 4 Band- and 1000 A thick fcc Co and Ni films.

by-band decomposition of the conductivity spectra indicate

that the 'Fransition along the axis is primarily responsiple V. DISCUSSION
for the high-energy structure in the e, spectrum, while
the transition in the vicinity of th&X andL points is respon- As described in a previous section, we find that the lateral

sible for the Imway,, spectrum. This assignment is identical lattice parameters of 20 A thick films are expanded about
with that of Smith, Lasser, and ChiahgHence, the discrep- 1.4—2.0 % compared with those of thick films. Without any
ancy in the behavior between the Rg and the Imwo,,  tetragonal distortion normal to the lattice planes, the larger
spectrum is mainly due to the difference in location of thelateral lattice parameter causes a narrowing of tdeb&nd
transition which contributes to the high-energy structure. Inwidth. Our RHEED experiments cannot provide any infor-
Figs. 9, the calculated spectra for fcc Ni are shown. A similamation about the perpendicular distances. However, recent
dependence of the Rg, and Imwa,, spectrum on the lat- low-energy electron-diffractioflLEED) analysis and low-
tice parameter as those for Co is observed. angle x-ray scan for multilayers showed that a few monolay-
Tables | and Il summarizes theldand widthW, and its  ers thick C¢001) film had a contracted interlayer spacing
variation AW, , which correspond to the lattice parameter compared with those of thick filmi$-%°On an average, the
used in the present computations, together with the atomimterlayer spacing of 1.75 A was reported corresponding to a
volumeV and the energy shift of the zero-crossing point of perpendicular lattice parameter of 3.50 A. The value is about
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TABLE II. Lattice parameter dependence of the calculatdd 3
1000 [ — — T band width and the energy shift of the zero-crossing point of the
Im woy, spectrum for fcc Ni.

a Aa \Y AV Wd A Wd AE
A) %)  (A%atom (%) (V)  (eV) (eV)

3.34 -5 9.35 —16 5.59 1.01 0.8
3.45 -2 10.26 -6 494 0.36 0.3
3.52 0 10.90 0 458 0 0
3.59 2 11.57 6 426 -032 -0.2
3.70 5 12.62 16 386 -0.72 -04

500

Re 0,°® ( arb.units )

the atomic volume. This is not only far beyond the experi-
mental estimation but also an unrealistic value, because it
requires a large increase of the total enetgyhat is to say,
we cannot explain the observed changes in thewimy, by
means of our calculated difference of bandwidth on the lat-
tice parameter. Our calculations of the electronic structure
were restricted only to fcc structure for a infinite specimen.
Consequently, the effects such as reduced atomic coordina-
tion number in the surface and in the interfacial region with
Cu were not considered. We think that these effects play a
major roll in the modification of the electronic structure of
the ultrathin films. Concerning the surface effectadninitio
calculation presented by Li, Freeman, and®fs very sug-
gestive. They have calculated the electronic structure of both
five- and nine-layer fcc Co slabs and found @ Band nar-
rowing of about 0.5 eV in the surface layer. They, however,
Photon energy (eV) mentioned the surface effect was localized mostly inside the
surface layer. In the interface with Cu where atomic rough-
ness exists, we should consider a local environment of each
FIG. 9. Calculated conductivity spectra for fcc Ni as a function Co or Ni atom which is specified by the number of Cu atoms
of the lattice parameter. on the nearest-neighbor shell. According to Hamada’s
investigatior® in ferromagnetic Ni-Cu alloys, the local den-
2% smaller than that for bulk fcc Co. If we combine the sity of states of a Ni atom drastically varies with its local
valuec=3.50 A with the lateral lattice parametar=3.59 A,  environment. It implies that the Cu atoms have an effect on
we get a value of 11.21 $atom for the atomic volume. This the reduction of the atomic coordination of the Ni atom,
value is expanded by about 1.7% compared with that of theince the most of the Cu states sink deeply below the Fermi
bulk fcc Co (a=3.54 A; 11.09 A/atom Another LEED level. Thus, an interdiffusion of Cu into Co or Ni layers may
analysis reported an interlayer spacing of 1.71 A for a 10 Acause the narrowing of3band width of the ferromagnet.
thick Ni/Cu(001) film.2® In this case, we get a value of 11.02  In conclusion, we have shown that the shift to lower en-
A3¥atom which is about 1.1% larger than that for the bulk fccergies in the high-energy structure of the off-diagonal con-
Ni (a=3.52 A; 10.90 A/atom As shown in Table I, if we ductivity spectra of 20 A thick films is probably caused by
assume that the 0.88 eV decrease of theband widthW,  the reduction of the @-band width. We have speculated that
of Co is caused by lattice expansion alone, a 5% increase dhis reduction in 8-band width might be due to the tetrag-
the lattice parameter is required. It causes a 16% increase ohal compression together with the expansion of the atomic
volume due to the lattice mismatch in the interface, and to-
TABLE . Lattice parameter dependence of the calculatde 3 9€ther with the reduced atomic coordination number in the

band width and the energy shift of the zero-crossing point of thesurface and in the interface with Cu.
Im wayy spectrum for fcc Co.
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