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Electron spectroscopic evidence of metastable alloy formation of Ag and Au in Co
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High-resolution x-ray photoemission spectroscopy measurements of the conduction bands of dilute noble
metal/Co metastable alloy films show a narrowing of the noble-nikt@inds at concentrations below 6 at. %
of noble metal consistent with coordination of the noble metal atoms with Co. Such alloying contrasts strongly
with Ag and Au precipitation at higher concentrations, and with conventional metallurgical experience. It is
consistent, however, with recent observations of modified interlayer exchange coupling in magnetic trilayer
structures doped with noble-metal atopas Ebelset al, Phys. Rev. B68, 6367(1998].
[S0163-182699)05124-3

[. INTRODUCTION show that the width of the valence band increases by 0.4 eV
on replacing 6.25% of Co atoms by isolated Ag atoms.

Heterogeneous structures such as multilayers or granular However, binary phase diagrams show that the solid solu-
films consisting of ferromagnetic and nonmagnetic metaldility of Ag or Au in Co is less than 1 at.% at room
show a large change of resistance in a varying external magemperaturé. Hence it needs to be shown whether a meta-
netic field! For this giant magnetoresistan@MR) effectto  stable alloy with a modified band structure can be produced,
occur in granular films, the ferromagnetic grains have to ber whether clusters of Ag or Au are always formed when Co
separated by the nonmagnetic matrix, so that there is nis doped with these noble-metal atoms. Metastable alloys
magnetic interaction between the grains and their magnetimay be prepared by quenching the noble-metal/Co mixture
moments are aligned randomly with respect to each other. lhy codeposition from two vapor sources onto a substrate or
contrast, in multilayer GMR materials the ferromagnetic lay-through melt spinning of a molten mixture onto a rotating
ers need to be coupled via an exchange interaction across theld wheel. However, for a high noble-metal concentration
nonmagnetic metal spacer layer, so that the magnetizatiortss an elevated substrate temperature, segregation will lead to
in two neighboring ferromagnetic layers are aligned antiparthe formation of granular materials. In the case of CoAg
allel when no external field is appli€d. granular films with more than 20-at. % Ag, we have previ-

Alloying and segregation of the two metals in these het-ously shown that there is no effect on the core levels of Co
erostructures are crucial in determining the GMR behaviorand Ag, and that the valence-band structure corresponds to a
In granular films which generally consist of Co or Fe grainssuperposition of two independent bulklike metéals.
embedded in a noble-metal matrix, a high degree of segre- If a metastable alloy of Co and Ag can be produced at low
gation is desirable in order to obtain well-defined indepen-Ag concentrations, the Ag atoms will be in a very different
dent magnetic grains and a pure matrix. In multilayers, shargnvironment from the Ag metal, and this should be reflected
interfaces are a prerequisite for antiparallel exchange coun changes of the Ag Auger parameter due to differences in
pling to occur. the core-hole screening environmé&ntariation of the local

The interlayer coupling in multilayers has been found toenvironmental potential due to a reduced number of Ag
oscillate between parallel and antiparallel alignments of theneighbors may lead to narrowing of the Agl 4and which
magnetization in two neighboring ferromagnetic layers as thénas previously been demonstrated for dilute Ag alloys with
thickness of the nonmagnetic spacer layer increases with g (Ref. 9 and Al° However, in contrast to thesgp met-
period of the order of 10 A. While the period of this oscil- als, Co has a@® band at the Fermi energy, and hybridization
latory interlayer exchange coupling depends on the shape ofith the noble-metatl electrons can occur. In addition, the
the Fermi surface of the spacer layer metal, the amplitudeesulting fluctuations in the local environment may cause a
and phase of the oscillations depend on the spin-dependehtoadening of the core photoemission lines, as demonstrated
reflection coefficient at the interface and hence on the strueexperimentally* on CuPd and theoretically for a range of
ture of the valence bands of both metafs. alloys1?~14

Wigen and co-workefs deliberately modified the band High-resolution x-ray photoemission spectroscdiPS)
structure of the top Co layers in Co/Cu/Co and Co/Ru/Cads suitable technique to study the structure of the valence
trilayer structures by adding between 2 and 8 at. % of nobleband and at the same time have access to Auger and photo-
metal atoms which are expected to transfer extra electrons &lectron transitions with higher binding energy to derive Au-
the Co metal. This study successfully observed the phase gler parameters and study peak widths. In addition, the cross
the oscillatory interlayer coupling to be shifted by up to section for the Ag 4 electrons is approximately six times
360°. Band-structure calculations for ordered fcc Co crystal$arger than for the Co @& electrons™® which greatly enhances
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the sensitivity for studying low Ag concentrations. This
study examines the properties of the CoAg and CoAu sys-
tems at low noble-metal concentrations using high-resolution
electron spectroscopy to demonstrate possible alloying.
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Il. EXPERIMENT

Noble-metal-doped Co films were fabricated by coevapo-
ration onto commercial §i11) wafer substrates. The con-
centration of noble metal atoms in the Co matrix was varied
from 1 to 6 at.% by adjusting the metal flux ratios. The
substrate temperature during deposition was kept below
50°C to minimize diffusion-mediated segregation of the
metals. The samples were rotated to ensure a homogeneous
distribution of the noble metal atoms in the Co matrix. In
addition, pure Co, Ag, and Au films were deposited as ref-
erence samples. All films were approximately 400 A thick.

In situ Auger measurements indicated segregation of Ag at
the sample surface.

Photospectroscopy and Auger-electron spectroscopy mea-
surements were carried out using the Scienta ESCA300 spec- 1t
trometer at the Research Unit for Surfaces, Transforms, and
Interfaces at Daresbufy.Electrons were excited with mono-
chromated AIK, x-rays (hv=1486.6 eV. The spot size at
the sample surface was 6 mm long and 0.5 mm wide. The
take-off angler was 90°, i.e., normal to the surface, the
hemispherical analyzer entrance slit 0.5 mm wide, the pass
energy was 150 eV, and the base pressure was$ itbar. In
measuring the binding energies of the sharper electron spec-
troscopic features a precision of better than 0.1 eV is pos- )
sible, and resulting Auger parameter differences greaterthan =~ 45 6 2 >
0.1 eV are likely to be significant at least for the core tran- -

sitions of Ag. The broader Auger profiles of Co imply a binding energy (eV)
Some_what lower precision in Auger parameter values. FIG. 1. Valence-band spectra for three Ag-doped Co films and

P.nor to the spectroscopy measurements, the su.rface C?ﬂfe Co reference filnfdetector entrance slit 0.5 mm, pass energy
tam_mants were removed th“’fﬂgh bombardm_ent with 3-ke 50 e\). The dashed line represents a spectrum obtained by adding
Al |0n§6under an angle of 45° at an Ar partial pressure o he pure Co and Ag valence-band spectra weighted by the respec-
1X10™° mbar. After ion bombardment, survey spectra Were;, . «oncentrations for the GOy s Sample
recorded for all samples in order to confirm the cleanliness o FIeAs '
the surface. The concentration of the probed surface region

was determined from the area under the @y &g 3d, and features of the VB structure change with increasing Ag con-
Au 4f photoelectron peaks after subtracting a linear backeentration:(i) a shoulder, which originates from the Agi4
ground, and using sensitivity factors provided by the Scientdand, emerges at approximately 6 eV and increases in

software. height; and(ii) the intensity of the Co & band near the
For all Ag-doped Co samples, survey spectra show ggrmi energy decreases.

much higher concentration of Ag than expected from the

5.5at.% Ag

intensity (10° counts/sec)

26at.%Ag
0.9at.% Ag

pure Co

P i ket ol

—t ot -

o

e In order to test whether these two observations reflect
nly the varying amounts of nd Ag metal present in th
surfaces. T_he fact that Ag was even found at the surface of m){S of w?le)z/thgratheo; arseoanC%;cgtio?w Ofe :Ilor;efcs)?mation,e
sample which contained a 30-A-thick pure Co layer on top o
: - the measured VB spectra for pure Co and Ag metal have
the Ag-doped Co layer demonstrates the high mobility of Ag ; . .
at room temperature. Further Ar-ion bombardment was carj.-)een weighted by the atqmlc fractions of Co and Ag present
ried out until the Ag concentration had reached a steady-sta A the probed ;urfgce region and superpqsed for eacr_]-sample.
value. Spectra were then recorded at high resolution and ovef'e dashed line in Fig. 1 represents this superposition ob-
extended acquisition time for the valence band and the Augdftined from the pure Co and Ag reference VB spectra for the
electron and photoelectron transitons required to determin€%4.5ds s Sample. As is also the case for the other two
the Auger parameters. After performing these measuremenfyd-doped Co samples, the superposition spectra reproduce
over a period of typically 10 h, a contamination of the sur-neither the structure of the shoulder at approximately 6 eV
face with 10 at. % of C and 3 at. % of O was observed. ~ nor the height of the Co @ band near the Fermi energy,
suggesting that Co and Ag do not behave like independent
. RESULTS metals but form a metastable dilute alloy instead. This is in
) contrast to Ag-rich CoAg granular films studied previously,
A. Valence band in Ag-doped Co for which the structure of the measured VB could be well
Valence-bandVB) XPS spectra for three-Ag-doped Co reproduced by superposing the weighted VB spectra of the
samples and the Co reference film are shown in Fig. 1. Tw@ure element$.From this it had been concluded that at high
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FIG. 2. The valence-band spectrum for the Ag reference film F|G. 3. valence-band spectra for the f&us alloy and the Co
and the differences between the CoAg alloy and the pure Co metakference film(hemispherical analyzer entrance slit 1.9 mm, pass
valence-band intensity from Fig. 1. The solid lines represent Gausenergy 300 ey, The dashed line represents a spectrum obtained by
sians fitted to determine the center and width of the peaks. add|ng the pure Co and Au valence-band Spectra We|ghted by the

respective Co and Au concentrations.
Ag concentration the two metals are well segregated and the

observed VB spectrum arises from two independent metals, .

In order to analyze the changes of the Ag electronic strucC%sAUs VB cannot be reproduced by a superposition of the
ture induced by doping Co with Ag atoms, the measured VBV€ighted spectra of the pure Co and Au films. The Au con-
spectra for the Co reference film has been weighted by thEibution to the Cgs;Aus VB spectrum obtained after sub-
Co concentrations present in the probed surface region arifgcting the weighted pure Co VB spectrum is shown in Fig.
subtracted from the VB spectra for each Ag-doped Cd# together with the pure Au reference film. The difference
sample. The difference spectra are shown in Fig. 2 togethéPectrum is 3.5 eV wide and centered at 6.2 eV, which is
with the VB Spectrum for a pure Ag fiim and Gaussianscons|derab|y narrower than the width of 5.8 eV Ofﬂ’é 5 ]
which have been fitted to the difference spectra in order tdand centered at 5.0 eV for the pure Au reference film. This
determine their width and center. The Ag contribution to theiS t0 be compared with previous XPS measurements for pure
VB broadens from 1.6 to 2.8 eV, and its center shifts slightlyAU [width 5.7 eV, center at 5.1 e¥,and width 5.4 eV,
from 6.0 to 5.7 eV with increasing Ag concentration. Thesecenter at 4.3 e(Ref. 19]. As in the case of the Ag-doped
values agree well with the Agdtband-width of 2.0 eV mea- Co films, it can be concluded that Au and Co do not behave
sured for a MgAg alloy, and 1.8 eV for a AjsAgs alloy,'° like independent bulklike metals but that alloying occurs in-

centered in both cases at 6.0 eV. The Ag VB structures foptead.
all Ag-doped Co films are clearly narrower than the ldand

of the pure Ag metal 3.4 eV widét a half height of the

peak at approximately 4.5 g\and centered at 5.5 eV; this
compares well with previous XPS measurements for pure Ag 20t

[width 3.3 eV, center at 5.5 e¥/,and width 3.6 eV, center at ﬁ
5.6 eV (Ref. 9]. A narrowing of the Ag band is expected for pure Au / 3

a reduced coordination with Ag neighbors, and has also been
predicted theoretically for isolated Ag atoms embedded in a
fcc Co crystaP

With increasing Ag concentration not only do the position
and width of the Ag contribution to the VB change toward
pure Ag metal behavior, but the Ag metal doublet structure
of the VB appears for the 5.5-at. % Ag sample, an effect
which may arise from the presence of segregated Ag. In all
three Ag-doped Co samples, the measured intensity of the
Co 3d band near the Fermi energy is lower than expected
from a superposition of the intensity for the pure metals.
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B. Valence band in Au-doped Co binding energy (eV)
Figure 3 shows valence-band spectra for the Co sample FIG. 4. The difference between the &Aus alloy and the pure

doped with 5 at. % of Au and the pure Co reference film. ASCo metal valence band together with the valence-band spectrum for
in the case of the Ag-doped Co samples, the structure of thiae Au reference film.
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TABLE I. Auger parameters’ for Ag-doped Co films. here show a small reduction in the apparent density of states
: at the Fermi level. However, the magnitude of this change is
Ag concentration  a’(Colg-LsMgsV)  a'(AgMs-MsNusNas)  somewhat sensitive to the way in which the metal and alloy

(@t. %9 (eV) (ev) spectra are normalized relative to one another, and quantita-
0 1551.8(Ref. 7) tive specification is difficult. Due to energy-loss processes on
0 1551.7 the high-binding-energy side of the band it is not possible to
0.9 1551'9 726.0 identify overall band broadening, which is predicted to be of

' ' ' the order of 0.5 eV.
2.6 1551.9 726.2 . . .
55 15617 796.1 Since an alloy environment also changes the properties of
16 0 ' 7266 the core electrons, both initial-state effe¢environmental

) potentia) and final-state shiftgextra atomic relaxatignin

100 726.1(Ref. 29

core photoemission and core-core-core Auger transitions are
to be expected. It is possible to isolate changes in the screen-
ing environment through shifts in the Auger parameier
=AEg+AE., given by the change in binding energy plus
Auger parameters for the Ag-doped Co samples and ththe change in Auger kinetic energy on alloyifigie corre-
pure metal reference films were obtained as in Ref. 7 and arsponds approximately to twice the change in extra atomic
listed in Table | together with the Auger and photoelectronrelaxationAR., in the presence of a core hole. In metal al-
transitions involved. The Auger parameters for Ag and Cdoys, A« values typically range between 0 aridl eV (Refs.
vary by no more than 0.2 eV with respect to the values23-25 and, if Aa for both species can be determined, the
derived for the pure metals, which is close to the experimenA « values are usually of opposite sign. In the pioneering
tal uncertainty. Hence no significant affect on the core levelsyork of Thoma$® and Thomas and Weightm&hAa was
of Ag surrounded by Co atoms is observed. This was foundiirectly related to charge transfer in the alloy with the nega-
previously for Ag-rich CoAg granular films, for which no tively charged atoms experiencing enhanced screening. Re-
evidence of metastable alloy formation was fodnd. cent work by Cole and co-workers using an extended
excited-atom modé{?8 reveals a more complex picture in
which changes of population between d and sp character play
an important role. In the case of metastable CoAg alloys, the
This paper has sought to clarify the electronic state of low3ds, photoemission and/1sN,sN4s Auger emission of Ag
concentrations of Ag and Au in thin Co films using electronform a good pair of events to define an Auger parameter
spectroscopic studies of both core and valence levels. HighTable )): Aa<0.2 eV(the approximate experimental uncer-
resolution XPS of the conduction bands of these materialtainty), implying a screening environment closely similar to
conclusively demonstrates that the photoelectron spectra olhat of Ag metal. These results do not therefore directly sup-
tained for the noble-metal-doped Co films cannot be deport alloy formation. However, there are alloy systems, e.g.,
scribed in terms of an appropriately weighted superpositiolPdAg (Ref. 30 and AuAg3! where the Ag Auger parameter
of the pure metal conduction bands. The observed narrowingoes not shift relative to the metal in contrast to PtAg, where
of the Ag and Au d bands relative to those in the pure metah a~—0.8 eV! For Co, no convenient core-core-core Auger
is a direct indicator of the change of noble-metal environ-transition is available—thi,3M ,3M 3 profile is very broad,
ment, and closely resembles what has been observed in othahile the LsM,,V transition involves 8 electrons which are
dilute alloys, e.g., MgAgs (Ref. 9 and AksAgs and  more bandlike than atomiclike. Furthermore at such low Ag
Cdy7Ags,° where the overlap of the-wave functions with ~ concentrations, little change in the Co features is expected, a
the sp-wave functions of the adjacent metal atoms is muchresult consistent with observation.
weaker than the d-d overlap in the pure metal, and less band Au has no suitable core-core-core Auger transition ex-
broadening occurs. In the case of Agwu-) doped Co, d-d- cited by Al K radiation, but theM 45Ng/Ng7 transitions ex-
overlap should dominate, but the density of states of Ceited by TiKa may be readily combined with thef4, or
3d-like electrons is low in the energy region where that of4fs, photoemission peaks to define a suitable Auger param-
Ag (Au) is high, and reduced overlap is thus still expected.eter. However, the AuMsNg/Ng; Auger intensity is ex-
This is confirmed in the calculations of Morkowsiial®> on  tremely weak for low Au concentrations, and, as a result, the
hypothetically ordered fcc CoAg and CoAu alloys, with the profile has to be measured at higher slit width9 mm and
noble metal atoms completely surrounded by Co. Using théower-energy resolutio(B00-eV pass ener@yhan for Ag. A
linear muffin-tin-orbital method in the tight-binding atomic significant positive 4 binding-energy increase<0.7 eV) is
sphere approximatioff they demonstrated split-band behav- observed in a CgAus alloy film relative to Au metal, but
ior in these fictitious alloys with a narrow Ag band at higher the Auger parameter changes are smaller, and again evidence
binding energy than in the pure metal. Similar Ag d-bandof alloying for the core-electron spectra is inconclusive.

C. Auger parameters

IV. DISCUSSION

narrowing is found in FeAg alloys; and Au d-band narrow- Recent work by Cole and co-workéts®®and Faulkner,
ing in PdAu??> when the noble-metal concentration de- Wang, and Stocké demonstrated how core photoemission
creases. peaks broaden in disordered alloys due to variation in the

The presence of Ag and Au will modify the effective Co number of like and unlike neighbors, causing variation in the
density of states, an effect believed to be the reason fdocal environment potential. It is therefore of interest to in-
changes in the magnetic interlayer exchange coupling obvestigate how the breadth of thal hotoemission lines of
served in multilayer systenfs. The measurements presentedAg in Co vary with Ag concentration. Broadening can
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FIG. 6. Variation of the full width at half maximurfFWHM) of
the Ag 3ds,, photoelectron emission peak in CoAg with Ag con-

FIG. 5. Comparison of the Ag &, photoelectron emission centration.
peaks of pure Ag metal and 0.9 at. % of Ag in Co normalized to the
same area. that found in other alloy systent$-1* The picture, then, is
one of a gradual diminishing in Ag segregation giving way
clearly be seen from comparison of the Agls3 peaks in  to diverse local Ag coordination with associated fluctuations
Fig. 5 for 0.9 at. % of Ag in Co, with the pure Ag metal in the local potential at low Ag concentrations.
normalized to the same area. Thés3 photoemission peaks In summary, the conduction-band profiles of dilute Ag or
are fitted with Voigt profiles of full width at half maximuii ~ Au in Co determined by high-resolution XPS provide strong
and an asymmetry indékwhich is found to vary little with ~ evidence for the noble metals forming a disordered alloy
composition. Figure 6 combines data for thay3 breadthl’ with Co under conditions where segregation is to be ex-
from the previous study on CoAg granular filmsith this  pected at thermodynamic equilibrium. In addition, core pho-
work. The same experimental conditiofsdit width 0.5 mn,  toemission peak broadening gives strong evidence for alloy-
pass energy 150 e\vere used in both experimental runs, ing at a low noble-metal concentration. However, the Ag
and so the data should be directly comparable. For the puruger parameter changes little relative to Ag metal. Overall
Ag reference filmI'(3ds,)=0.55 eV, as observed previ- the results confirm that small additions of Ag or Au to thin
ously under identical condition§.For high Ag concentra- Co films will change the electronic structure of the film in a
tions, for which segregation occurs, the breadth is similar tananner that may lead to the observed modified interlayer
that of the pure metal, but at the lower concentrationggXxchange coupling in magnetic multilayérs.
I'(3ds,,) significantly increases up to approximately 0.9 eV

at 0.9 at. % of Ag in Co. This suggests that a range of Ag ACKNOWLEDGMENT
environments evolves with Ag atoms bonded to Ag neigh-
bors becoming less important as the Ag concentration de- Financial support of the EPSRC is gratefully acknowl-

creases. The enhancement in broadening is comparable ¢dged.
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