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Photoemission study of Fermi surfaces of pseudomorphic Co, Ni, and CoxNi12x films on Cu„100…
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Thek-space electronic structure of CoxNi12x alloy films epitaxially grown on Cu~100! has been investigated
with changing stoichiometry in angle-resolved photoemission, and is compared to the electronic structure of
fcc films of Co and Ni, and single-crystalline Cu. We have monitored changes in the Fermi surface with
changing stoichiometry and changing magnetic behavior. The measurements show that thesp band is a
prominent feature of the Fermi surface throughoutk space for all of the alloys and the magnetic 3d pseudo-
morphic fcc films. A band-structure calculation of Ni allows us to identifyd-hole pockets which increase in
size with changing stoichiometry. Minority spin states highlight specific regions ofk space associated with key
spanning vectors that determine the oscillatory exchange coupling, which underpins the giant magnetoresis-
tance effect in heterostructures.@S0163-1829~99!03948-X#
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I. INTRODUCTION

The exchange coupling between ferromagnetic lay
across a nonmagnetic interlayer has attracted much atte
and has been observed in numerous systems.1 The magneti-
zation vectorsM oscillate between parallel and antiparal
ordering between the magnetic layers, depending on
thickness of the intervening nonmagnetic meta
interlayer.2 This oscillatory behavior of the interlayer ex
change coupling can be understood in terms of Ruderm
Kittel-Kasuya-Yosida~RKKY ! oscillations in the electronic
density, which predicts the different oscillation periods ori
nating from extremal spanning vectors of the Fermi surf
of the spacer material.3–5 In the case of copper spacer he
erostructures, spanning vectors have been identified
particular wave vectors spanning particular regions of
‘‘dogbone’’ structure of the Fermi surface formed by the~sp!
states. A ‘‘long period’’ oscillation is observed, correspon
ing to a wave vector spanning the midpoints of t
‘‘dogbone.’’ 6 A shorter period oscillation is occasionally ob
served in ultrasmooth films associated with the longerk vec-
tor spanning the ends of the ‘‘dogbone.’’ The periodic
condition is as follows.

Periodicity52(kBZ2kF), representing Fermi wave vec
tors, kF , spanning the ‘‘belly’’ and ‘‘neck’’ regions of a
spherical Fermi surface distorted at the Brillouin zo
boundaries, represented by wave vectors,kBZ . However, it is
not at all clear why this particular periodicity should b
prevalent, and so similar for different metall
heterostructures.2 It has been debated whether the spin pol
ization necessary to couple the magnetic films through
nonmagnetic layer is carried exclusively by thesp electrons,
and the extent to which the 3d states play a role.7 Local
density calculations8 indicate that thesp band contains sig-
PRB 600163-1829/99/60~24!/17030~7!/$15.00
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nificant 3d character due to hybridization with the 3d band
for energies close toEF .

Fermi surface mapping using angle-resolved photoem
sion has revealed the exchange splitting between the u
and the lowerd band in Ni,9 changes in the surface electron
states of hydrogen on W~110!,10 and changes in the spin
orbit splitting of valence states induced at surfaces
adsorbates.11 Photoemission measurements of the band str
ture and the Fermi surface are expected to provide ins
into the magnetic behavior of 3d transition metal alloys.
Growth of thin films with molecular-beam epitaxy~MBE!
permits us to stabilize materials as thin-film metasta
phases, e.g., fcc Co/Cu~100! and fcc Fe/Cu~100!.12,13 It has
been demonstrated that it is possible to grow ultrathin
Co12xNix alloy films epitaxially on Cu~100! with variable
stoichiometry.14,15For Co12xNix alloy films, the fcc phase is
adopted in the whole concentration range and the magn
moment varies linearly between the values of Ni and C
while the Curie temperature remains a monotonic function
the composition. The lattice of pseudomorphic fcc CoxNi12x
alloy films remains constant throughout the whole concen
tion range. Measurements with the surface magneto-o
Kerr effect~SMOKE! and magnetic dichroism of the Co an
Ni 3p core levels in photoemission with linearly polarize
light ~XMLD ! have shown that the elemental moments
main constant and finite.

In Sec. III A, we show Fermi surface maps of pure film
and alloy films with changing compositions, and compare
fcc bands to the band structure of pure Ni. In Sec. III B, w
discuss changes in the dimensions of the Fermi surface
its possible influence on the spanning wave vectors wh
are thought to be responsible for the GMR oscillations.

II. EXPERIMENT

Angle-resolved photoemission spectroscopy was p
formed on Beamline 7 at the Advanced Light Source
17 030 ©1999 The American Physical Society
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Berkeley.16 The spot size of the light was;100 mm. The
hemispherical electron spectrometer’s axis and the pho
beam were coplanar. Contour maps of electronic state
momentum space were obtained by fixing the detector’s
ergy window at the Fermi energies and rotating the sampl
vary thek vector of the detected states. The energy wind
at the Fermi energy for all the contour maps was set to
meV.

The Cu~100! crystal substrate was mechanically polish
and subsequently electropolished before inserting into
vacuum system. A few cycles of Ar1 sputtering~500 eV!
and annealing to 750 K resulted in a sharpp(131) LEED
pattern and a contamination-free sample within the sens
ity limit of the XPS spectra using the MgKa source. The
growth rate of the Co and Ni sources were controlled b
quartz crystal monitor and the composition was checked w
Auger electron spectroscopy~AES! and x-ray photoelectron
spectroscopy~XPS!, the former being more sensitive to an
surface segregation~which was not observed!. All the
growth conditions have been double checked in a UHV
paratus previously described.17,18 In this apparatus, the
growth rate of the Ni and Co sources were controlled
separate quartz crystal monitors, which were calibrated
high-energy electron diffraction~RHEED! oscillations of
Co/Cu~100! and Ni/Cu~100! film growth. The alloy films
were carefully grown at 300 K in order to avoid any C
segregation up from the substrate. The concentration
thickness were monitoredin situ at the synchrotron with XPS
using a standard MgKa source. The quality of the growth
was again monitored with low-energy electron diffracti
~LEED! and x-ray photoelectron diffraction~XPD!. The base
pressure in the chamber was smaller than 2310210 torr and
all experiments were performed at room temperature.

III. RESULTS AND DISCUSSION

A. Fermi surfaces of pseudomorphic fcc films on Cu„100…

CoxNi12x alloys can be grown as fcc pseudomorphs o
Cu~100! substrate.14,15 This allowed us to investigate th
electronic properties of these alloys with changing compo
tion independent of any change in their lattice structure.
films were grown to a thickness of 8 ML to avoid any co
tribution from the electronic structure of the Cu substra
Fixed electron energy contour maps ink space were obtaine
by fixing the detector’s energy window at the Fermi lev
and rotating the sample. In our experiment, the polar an
was kept constant in the~110! plane. Changing the photo
energy in steps of;5 eV from 75–205 eV, we accesse
states located at the Fermi level for the high index plane
the fcc Brillouin zone. Assuming free electron final stat
and knowing the angle and energy, the measured intens
can be assigned a definite location ink space.19

In Fig. 1, a cross section through extended zone spac
the fcc lattice following the procedure outlined b
Papaconstantopoulos8 projected onto the~110! plane, is
overlayed onto the measured Fermi surface cut from Cu.
only band that defines the Fermi surface of Cu is thespband,
which forms the so-called dogbone structure. The short
long wave vectors thought to be responsible for the excha
coupling in heterostructures are indicated with bold arro
The dogbone structure referred to above is clearly defined
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the sp states encompassing a well-defined ‘‘hole’’ in th
Fermi-energy distribution centered about the x symme
point.

Figure 2 displays the calculated Fermi surface cut of
Ni bands, again using the formalism o
Papaconstantopoulos.8 Here we can distinguish betweensp-
minority, sp-majority, andd-minority states. The dogbon
structure remains clearly defined by thesp-minority states.

FIG. 1. Calculation of the Cu Fermi surface in the~110! plane
using the Slater-Koster~SK! method as an interpolation schem
overlayed on the measured Fermi surface of Cu. We used the
parameters in the two-center approximation following the pro
dure outlined by D.A. Papaconstantopoulos~Ref. 8!. The bold ar-
rows indicate the short- and long-wave spanning vectors though
be responsible for the oscillatory exchange coupling in magn
heterostructures.

FIG. 2. Calculation of the Ni Fermi surface in the~110! plane
using the Slater-Koster~SK! method as an interpolation schem
We used the SK parameters in the two-center approximation
lowing the procedure outlined by D. A. Papaconstantopoulos~Ref.
8!. The horizontal coordinate represents the^110& direction and the
perpendicular one thê100& direction. Solid bold lines are thesp-
minority, dashed lines thesp-majority, and dotted lines the
d-minority bands cutting the Fermi level.
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Across the belly of the electron hole pockets, the narrow p
of the dogbone, we expect, according to our calculation,
tensity in the measured Fermi surface from thesp states as
well as from thed-minority states. Thed-minority band also
crosses thesp-minority band in the vicinity of theL point, as
well as following part of thesp-majority band on the dog
bone location.

We also recorded the Fermi surface of pseudomorphic
grown fcc films of Ni and Co on Cu~100! as well as two
alloy films of CoxNi12x on Cu. States at the Fermi energ
were recorded in the high symmetry~110! k plane for films 8
ML thick. These fcc films grow nicely on Cu~100! and their
crystallographic perfection was confirmed using LEED a
XPD.

Figure 3 shows the detailed mapping of these states a
Fermi level in the~110! plane of pure Ni and Co films to
gether with their locations in extended~Brillouin! zone
space. An intense bright band connecting theL points in the
Brillouin zone, observable in all these 3d materials, derives

FIG. 3. Photoemission measurements of single crystalline~a!
Cu, pseudomorphically grown~b! Ni ~8 ML!, and~c! Co ~8 ML! fcc
films. The grayscale images represent the intensity at the F
level in the~110! plane in the same geometry as the calculated b
structure of Ni in Fig. 2. The energy range is 75–205 eV, and
angle range is630° for Cu, and620° for Ni and Co.
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from thespband. The dogbone structure about the x poin
clearly visible @Fig. 3~a!#. Across the neck of this dogbon
feature, we observe the intensity is influenced due to con
butions fromd-bands crossing the Fermi level at this positi
in k space, their number increasing with increasing num
of holes in Ni and Co films@Figs. 3~a! and 3~b!#. In particu-
lar, the minority-spind band in Ni ~Fig. 2! emerges across
the neck of this dogbone. With increasing hole concentrat
in Co @Fig. 3~b!# we see a concentration of intensity in the
regions ofk space, as well as at theG point.

The minority and majority spin polarizedd bands in Ni
are not resolved in our measurements. Our photoemis
results obtained for pure Ni films are in good agreement w
theoretical band-structure calculations~Fig. 2! and the di-
mensions of the Fermi surface recorded with photoemiss
are in good agreement with de Haas–van Alphen eff
measurements.20,21

The experimental maps~Fig. 3! clearly show the effect of
increasing hole concentration in thed bands of these fcc
films, as the Fermi level is lowered when going from Cu
Ni to Co. In addition to an increasing intensity across t
neck of the dogbone, we observe increasing intensity con
butions at the center of the zone, near theG point. Also, we
see a change in the size of the these features with increa
hole content. If we now compare the calculated band str
tures for these 3d fcc pseudomorphs~Fig. 4! we see where
the d bands along thiŝ100& direction cross the Fermi level
From Fig. 4, we see that as the Fermi level shifts to low
energies with increasing hole concentration, it begins to
through thed bands in the center of the zone near theG point
in the Co pseudomorphs. We can observe this clearly in
Fermi surface maps of Fig. 3: as the number of holes
creases, thed-hole pocket aboutG increases in size while the
Fermi vector at thesp-band crossing decreases, which cau
the ‘‘holelike’’ dogbone dimension to increase.

Figure 5 compares similar plots in the~110! plane of
pseudomorphic fcc CoxNi12x alloy films on Cu~100!. The
alloy concentrations are~a! Co35Ni65 and~b! Co60Ni40. As in
the elemental fcc films, in this~110! plane, the dogbone fea
ture due to emission fromsp states remains characteristic
the whole concentration range. It connects theL points in the
fcc Brillouin zone more or less continuously throughout m
mentum space. As the number of holes in the alloy increa
going from pure Ni towards pure Co, emission from ne
states occurs at the center of the zone as well as acros
neck of this dogbone structure. Also with increasing Co co
centration, the exchange splitting of the minority and maj
ity d bands increases in a way that would indicate that t
intensity surrounding the zone center is due mainly to min
ity spin-polarizedd states. The dogbone structure, a char
teristic feature due to thespband, also collects somed char-
acter. A marked increase in intensity is observed across
belly of the electron pocket, the midpoints of the dogbo
with increasing number of holes suggesting increasing
bridization with thesp band close to the Fermi level. Thi
enhances electron scattering between~mainly minority! d
andsp states in this particular region ofk space.

Again, we observe a strong contribution due to thesp
band and a clearly defined dogbone feature. Enhanced in
sity in the center of the Brillouin zone and across the m
points of this dogbone again appears with increased em

mi
d
e
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FIG. 4. Band-structure calculation of the fcc 3d materials Cu, Ni, and Co along theGX direction ~Refs. 1 and 27!.
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ing of thed bands. This ‘‘mixing’’ of ~mainly minority spin!
d states withsp states in specific regions ofk space creates
spin-polarized Fermi surface ‘‘hotspots’’ that serve to e
hance specific Fermi surface ‘‘nesting’’ wave vectors.

Also, the fact that we observe a sharply defined distri
tion of spstates throughout this momentum space is a str

FIG. 5. Photoemission measurements of pseudomorphic
grown 8 ML thick fcc CoxNi12x films: ~a! Co40Ni60, and ~b!
Co60Ni40. The grayscale images represent the intensity at the Fe
level in the~110! plane in the same geometry as the calculated b
structure of Ni in Fig. 2. The energy range is 75–205 eV, and
angle range is630°.
-

-
g

indication that the muffin-tin scattering potentials on the d
ferent atomic sites, Ni, Co, are very similar. Any increas
diffuseness due to~random! alloying in the patterns appear
mainly in the ~minority-spin! d states, which is due to in
creased mixing and scattering out of these states at the F
level into thespstates at these specific regions ink space. In
Fig. 5, we see a weakening and diffuseness appearing in
emission from thesp states connecting theL points. This is
associated with a~possible! change in chemical compositio
of the Co-rich CoNi alloys.22

Figure 6 shows Fermi contour maps taken at a pho
energy of 190 eV of Cu, 8 ML Ni on Cu~100!, and 8 ML Co
on Cu~100!. At this energy, the measured states are loca
on a sector of a sphere which corresponds in our ang
range with a small deviation to the~100! plane. For Cu, the
only feature one can observe is thesp band with almost
spherical shape. In Ni, thed-hole pockets at the x point ar
clearly visible. For the Co film, thed-hole pocket is growing,
whereas thesp-band feature is decreasing towards the zo
center, as we have already observed in the Fermi sur
plots in the~110! planes~Figs. 3 and 5!.

Figure 7 summarizes the dominant features in our Fe
surface measurements:~i! Enhanced intensity can be ob
served at the center of the zone with increasing hole conc
tration due to the minorityd band cutting the Fermi level in
the vicinity of theG point. ~ii ! The sp band, forming a dog-
bonelike structure in all the measured fcc pseudomorphs,
clearly be observed.~iii ! At the midpoints of the dogbone
enhanced intensity is observed due to hybridization of thd
band with thespband.~iv! In the vicinity of theL point, we
can also observe slight enhancement of intensity~ii !. As we
can see from Fig. 2, in this region ofk space, the minorityd
bands also cross thesp bands, and the minorityd band al-
most coincides with the majoritysp band in parts of the
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dogbone region, linking the longer spanning wave vec
which would favor the view that minority-spin polarize
states foster the GMR coupling mechanism.

B. Neck dimensions and oscillatory coupling

Bruno and Chappert3 have suggested that the origin
magnetic coupling across a nonmagnetic copper layer is
lated to the extremal spanning vectors of the dogbone sha
hole Fermi surface formed by thesp band. They predict two
possible periodicities, around 4.6 and 10.6 Å, due to lo
and short wave vectors, respectively, spanning favora
nesting regions of this dogbone Fermi surface feature in c
per. The exact relationship between the expected wavele

FIG. 6. Fermi contour maps taken at an energy of 190 eV of~a!
Cu, 8 ML ~b! Ni on Cu~100!, and~c! 8 ML Co on Cu~100!.
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for these oscillations and the wave vector along the^100&
direction, iskosc52(kBZ2kF): In Fig. 4,kF is indicated as a
bold arrow. For increasing hole concentration, Cu→Ni→Co,
one expects thatkosc increases slightly due to the Fermi lev
crossing of thespband occurring at smallerkF values, which
increases the size of the wave vector spanning the dogb
hole pocket~Fig. 4!.

From our measurements, we can assign the wave vec
for the long oscillation period. These values span the ra
of long periodicities usually observed.2 The trend in the
CoxNi12x alloys is that for increasing Co content, the appr
priate spanning wave vector dimension of the dogbone
increasing so that the associated oscillation period sho
decrease. The resolution of our measurements does not a
a more precise prediction of this period. However, as in
cated in Fig. 4, a strong hybridization of~mainly minority! d
with spstates is expected to occur at these extremal point
the dogbone, thus giving a strong contribution to hybridiz
tion and spin polarization of thesp band. At the other ex-
tremal point of the dogbone Fermi surface, at the neck
region of the electron pocket, shorter periodicity oscillatio
~i.e., longer spanning wave vectors! are predicted and hav
been observed in smooth films.23 We note that our measure
ments show only small intensity enhancement from thed
bands or ‘‘hot spot’’ formation in this region ofk space. Yet,
it is not clear from our measurement to what extent thesp
band gets polarized in this region, and therefore we can
make a definite statement concerning these shorter perio
ity coupling oscillations. One can still ask the questio
Since thesesp states do not appear to be as strongly mix
with d states as those at the belly region, what else could
the reason for the shorter periodicity coupling oscillatio
giving rise to the spin polarization?

A recent paper addresses the problem of spin-relaxa
of the conduction electrons24 and predicts that at certain ho
spots on the Fermi surface, defined to be near a zone bo
ary, the spin in some metals decays unexpectedly fast.
serves to spin polarize thespbands in an otherwise nonmag
netic intermediate layer. The necking of the Fermi sphere
a zone boundary of the fcc Brillouin zone creates such

FIG. 7. Dominant features in the Fermi surface map of Co60Ni40

on Cu~100!: ~1! Enhanced intensity can be observed at the cente
the zone with increasing hole concentration due to the minoritd
band cutting the Fermi level in the vicinity of theG point. ~2! The
sp band, forming a ‘‘dogbone’’-like structure in all the measure
fcc pseudomorphs, can clearly be observed.~3! At the midpoints of
the ‘‘dogbone,’’ enhanced intensity is observed due to hybridizat
of the d band with thesp band.
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scattering hot spot and determines the long extremal w
vector of the dogbone hole pocket in the fcc Fermi surfa
We also note that thesp band is, more or less, continuou
throughout thisk space, connectingL points and particularly
the dogbone feature, which defines these spanning wave
tors. Strong hybridization and interactions betweensp and
spin-polarizedd states spanning the dogbone minimum at
belly Fermi wave vector, spin polarize thesp states by scat-
tering throughout this momentum space. A recent hi
resolution photoemission measurement of thesesp states25

shows the exchange splitting to be of the order of 0.27
throughout momentum space. Also, the spectral broade
of the minority-spin states are significantly larger than tha
the majority-spin states, indicative of shorter lifetimes due
stronger scattering out of these states and a stronger po
ing interaction between minority-spind andspstates. Thesp
states are thus spin polarized uniformly throughoutk space,
with nesting wave vectors favoring particular ‘‘long’’ an
‘‘short’’ period spin-polarized oscillations, as has been su
gested from theoretical considerations.3,26

IV. SUMMARY

In summary, we have mapped states in momentum sp
at the Fermi energy using a range of photon energies
angle-resolved photoemission, for a series of magnetic t
sition metals as well as for their binary alloys as a function
stoichiometry. These alloys possess the same cryst
graphic structure as that of the Cu~100! substrate when
grown as ultrathin epitaxial layers. This implies that the p
sition of the Fermi level is a direct reflection of the ho
concentration in thed bands, which we can vary by eithe
changing the elemental material or by alloying the vario
elements. This is why we expect the Fermi surface mapsk
space to evolve gradually with alloy stoichiometry.

As a result, we see sharply definedsp states throughoutk
space characterized by the same dogbone Fermi surface
structure characteristic thê110& projection of fcc copper.
Emptying thed bands leads to states appearing localized
the dogbone region and as a diffuse region about the z
center. Mixing ofd and sp states, mainly of minority spin
polarization, in regions ofk space identified previously with
the locations of spanning wave vectors, are driving minor
spin RKKY Fermi surface oscillations, which couple ma
v
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netic layers separated by nonmagnetic fcc spacer films
spin-valve heterostructures showing GMR oscillations. T
observation of a similar shapedsp feature in all these fcc
pseudomorphs could explain why the long-wavelength os
lations are similar in all the fcc heterostructures.

Another question that needs to be addressed is to w
extent does the random substitution of the elements o
fixed fcc lattice significantly broaden the electronic states
energy andk space? The present results suggest that the
gular distributions observed are relatively insensitive to
alloying and changing stoichiometry. Any diffuseness in t
patterns appears to be masked by the usual photoemis
lifetime broadening effects. Some increasing diffusenes
observed in the alloys, which could arise from random sc
tering effects in the potential, but these effects appear to
second order compared with similar lifetime broadening o
served in the pure elemental films and single crystal cop
The photoemission Fermi surface dimensions of eleme
Ni pseudomorphic layers are in close agreement with ot
experimental determinations of the Fermi surface parame
of bulk Ni,20,21 and first principle calculations of the N
Fermi surface.27 The diffuseness is more apparent, in ge
eral, within the d-states distribution rather than the mo
free-particlesp-states distribution.

The present photoemission results show that thesp band
is the dominating feature of the Fermi surface of these
pseudomorphs forming a dogbone shaped hole pocket c
acteristic of the Cu~110! plane. We observe an enhanceme
of intensity across the belly region of the dogbone, wh
originates from the hybridization of thed band with thesp
band, and polarizes this band in a region ofk space, which is
important for the magnetic coupling underpinning the GM
effect.
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