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Element-specific magnetization of a Gd-Co composite system using spin-polarized Auger
electron spectroscopy

O. S. Anilturk* and A. R. Koymen
The University of Texas at Arlington (UTA), Physics Department, P.O. Box 19059, Arlington, Texas 78721, USA

~Received 7 January 2003; published 31 July 2003!

Spin-polarized Auger electron spectroscopy is found to have applications for monitoring element-specific
magnetization in composite systems. Here, we report on an application of such a study performed on a Gd-Co
composite system. Special emphasis is given for 4d-core-hole-initiated Auger decays in Gd interacting with a
Co subnetwork within the energy region of 30–150 eV. Prominent resonant (4d→4 f ) and nonresonant Auger
lines involving 4d(N45), 5s(O1), 5p(O23), 4f (N45), and (5d,6s)(V) valence states are identified with the
information obtained on either the spin polarization spectrum or the corresponding Auger spectra. Besides the
applicability of this technique in this system, it is observed that the 5d states have enhanced spin polarization,
confirming the coupling of moments in the composite system via 5d states of gadolinium. It is also directly
observed that Co magnetic moments are indeed aligned antiparallel to the Gd ones, as has been postulated by
theory and indirectly determined by various methods.

DOI: 10.1103/PhysRevB.68.024430 PACS number~s!: 75.70.Rf, 75.25.1z, 75.60.Ch, 79.20.Fv
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INTRODUCTION

Because amorphous rare earth and transition metal~RE-
TM! alloys are commonly used as the storage layer
magneto-optical storage media,1 their magnetic properties
have been extensively investigated. An important charac
istic of RE-TM systems is that they exhibit ferrimagnetism
which the RE moments are aligned oppositely to T
moments.2 In the case of Gd with Co, it is reported that th
alignment is purely collinear.3,4 This behavior makes the
Gd-Co alloy an ideal and interesting case to study the f
damental coupling between the two sublattice structures

Gd is the most interesting member of the lanthanide se
in that its ground-state electronic configuration
4 f 7(5d6s)3 with the highest possible number of majorit
spin electrons and no minority-spin electron at its 4f state
according to Hund’s rule. For the low-energy portion of up
150 eV, the Auger electron spectrum on Gd exhibits sev
structures due to Coster-Kronig~CK! transitions with the dif-
ferent shell electrons and to the super-Coster-Kronig~sCK!
transitions with the same shell electrons. Besides these
sitions involving 4d(N45), 5s(O1), 5p(O23), 4f (N45), and
(5d,6s)(V) valence states, it is found that the direct reco
bination ~DR!, or so-called ‘‘giant resonance,’’ with the ini
tial state of the 4d94 f 8 resonant transition is the most dom
nant mechanism to the high-energy region of the spectra
to 4d absorption threshold (;142 eV). Decay channels fol
lowing the resonant 4d→4 f transition have been studie
extensively by several authors for Gd~Refs. 5–9 and 12–14!
with both photon and electron-excited core-hole genera
methods. Of the Auger electron spectrum studies, after
first observation of the direct recombination (4d→4 f ) pro-
cess by Dufour and Bonelle,5 Gerkenet al.6 identified sev-
eral structures in the spectra of Gd as due to 4d→4 f direct
recombination. The most intensive work was done
Riviereet al.7 who studied a complete set of electron-excit
Auger spectra of lanthanides with 4d-core-hole-initiated pro-
cesses. In their work, they also studied the transition rates
0163-1829/2003/68~2!/024430~6!/$20.00 68 0244
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different decays by including the effect of spin alignme
resulting from strong coupling in the initially unfilled shells
Energy losses related to the 4d level together with the Auger
spectrum were analyzed by Kolaczkiewicz and Bauer.8 Syn-
chrotron radiation studies involving decay channels of thed
core hole were done by Sarmaet al.9 The spin polarization
consideration of the generated electrons has been give
some of these studies at the specific energy range of
spectrum. On the other hand, the spin-polarized Auger e
tron study of Taborelliet al.10 has been hitherto the one an
only electron-excited experimental work on pure Gd in t
literature, besides the pioneering studies of fundame
magnetic materials~Fe, Ni! of Allenspachet al.11

Spin-resolved studies constitute the most directly acc
sible and crucial way to investigate the coupling of Gd w
the TM system. Most of the spin-resolved studies are p
formed on Gd-Fe bilayer systems. Magnetic ordering of v
thin Gd layers on Fe was studied by Taborelliet al.,12 in
which they concluded the antiferromagnetic coupling of tw
sublattices with spin-polarized Auger electron spectrosco
The spin polarization study of this bilayer system
Taborelli et al.12 is then followed by Carbone and Kisker13

and Kachelet al.14 in which Gd overlayer structures o
Fe~100! are studied by photoemission spectroscopy w
considerations given to the Gd electron spin polarization
specific levels.

In this study, we have performed spin-polarized Aug
electron spectroscopy~SPAES! on Gd-Co with special em-
phasis given to Gd in the alloy system; therefore, eleme
specific information on Gd is achieved. Various consid
ations of the obtained spectra are given in detail.

EXPERIMENTAL PROCEDURE

Reviews of both SEMPA~scanning electron microscop
with polarization analysis! and SPAES are described els
where in the literature.15,16Our SEMPA system has also bee
introduced in previous studies of 3% Si-Fe~Ref. 17! and
Permalloy films~Ref. 18!. However, a brief description o
©2003 The American Physical Society30-1
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the technique for extraction of spin-polarized Auger spec
will be given in this paper.

Under ultrahigh-vacuum conditions with a base press
of ,2 – 3310210 Torr, the magnetic sample is irradiated b
an energetic electron beam of 8 keV. The system uses a c
pact Mott spin polarimeter, operated at 25 kV with a pas
vated Th foil, which has been attached to the back of a he
spherical energy analyzer~HSA!. The excited secondar
electrons are transported using electrostatic optics and
energy selected by the energy analyzer. The energy res
tion of the analyzer isDE/E50.5%, and the probe diamete
of the beam is around 0.2mm.17 Subsequently, after energ
analysis, the secondary electrons are scattered by the Th
to four channel electron multipliers~CEMs!. Therefore, at a
specific energy window of the HSA, the relative in-pla
angular variation@u5tan21(Py /Px)# and the magnitude o
polarization (P5APx

21Py
2) can be extracted by using th

two measured orthogonal in-plane components of the m
netization. A Ag foil is attached to the same sample stub u
for the magnetic sample, thus allowing the removal of a
instrumental asymmetriesin situ. Both the Ag foil and mag-
netic sample were ion sputtered with a 1.5-keV Ar1 beam.

Two schemes of data collection procedure are applied
obtain microscopic and spectroscopic information. In
domain-imaging mode, the energy window of the ene
analyzer is set to the secondary electron emission peak,
then the beam is scanned on the sample to obtain the pic
of the domain structure with desired magnification. While
the SPAES mode, the energy window is altered successi
for the whole spectrum in a desired energy range in orde
obtain the spin polarization at each energy value of the
ergy analyzer at a particular region or domain of the sam
This is the main advantage of the UTA-SEMPA system.
previous SPAES studies, the same spectroscopic informa
was obtained by averaging two consecutive measurem
with opposite sample magnetization, thus disturbing
magnetic system, to eliminate any asymmetries due to
apparatus as well as to the spin-orbit coupling in the elec
scattering processes. However, in the present system
single-domain state is obvious by the observed domain st
ture at hand. Furthermore, the need for two measuremen
eliminated by the removal of the instrumental asymme
using a Ag foil. Another question may arise for the asymm
try due to the spin-orbit coupling in the scattering process
however, this investigation is the scope of another study

Since the secondary-electron cascade includes both A
and true secondary electrons, Auger spectrum leading to
polarization information should be extracted from this c
cade. At first glance, the most appropriate way seems to
using an analytical expression to approximate the second
electron distribution and numerically remove the seconda
electron distribution from each spectra obtained in the f
channeltrons. For this purpose, a Ramaker function, give
the following equation,19 has been fitted to the tail of the fou
spectra in each CEM:

NRamaker5AS E

~E1E0! D ~E1f!m

1BS EEp

~Ep2E! D
n

lnS ~Ep2E!

Ep
D1C,
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whereA, B, C, m, n are constants,E is the energy of the
electron,Ep is the energy of the primary electron beam,E0 is
the escape probability parameter, andf is the work function
of the material. As an extension to the Sickafus function20

the Ramaker function is a more sophisticated backgro
function, which includes the effects of backscattered el
trons at the energy tail of the secondary-electron spectr
The polarization values are then calculated from the ba
ground subtracted spectra of each counter. In the follow
the described procedure is applied to extract polarization
formation within the energy intervals of different Auge
structures. Although the background subtraction indu
large uncertainties (;15%) in the spin polarization values
the qualitative information given here is unchanged by t
procedure.

A 1250-Å-thick Gd-Co alloy sample was codeposit
from Co and Gd targets on a glass substrate~Corning 7039!
by power-mode-controlled dc magnetron sputtering. T
concentration of Gd in the composite system is 25%–30
Deposition was done in a UHV chamber with unbaked b
pressure of 631029 Torr at room temperature. Depositio
pressure was 3 mTorr and ultrahigh-purity Ar gas was us

The hysteresis loop of the sample is square and show
plane magnetization. The sample was demagnetized by
forming consecutive hysteresis loops such that the magn
field was reduced in each consecutive hysteresis. The sur
magnetic domain structure of the film is obtained in SEM
mode. Then, SPAES measurements are performed on on
the domains by making sure that the region being probed
single domain with SEMPA measurements.

RESULTS AND DISCUSSION

In Figs. 1~a!–1~d!, our results obtained on a Gd-C
sample at room temperature are presented for the energ
gion of both MxVV (x51,23) transitions for cobalt, and
N45XY (X,Y54d,5p,5s,4f ,V) transitions together with
resonantly excited Auger transitions for Gd. These results
obtained after successive intensity background subtract
to each spectrum obtained on four channeltrons at the sh
energy region, as described before. The intensity spe
shown in Fig. 1~a! present distinct features that are less co
plex compared to their polarization counterpart. However
is the scope of this study to describe the involved transiti
with the results obtained on the spin polarization spectru
In Fig. 1~a!, going from the low- to high-energy tail of the
spectra, the first prominent peak is theM23M45M45 normal
Auger line of Co, which is dominated by the 3d electron
excitation of another 3d electron relaxation to the ionized 3p
state of Co. Its spin polarization reflects the 3d-band polar-
ization of Co. This effective polarization value is obtained
be ;50%, which is higher than the obtained value of t
effective polarization of 24% in a separate study perform
on polycrystalline cobalt film.21 The polarization difference
is attributed to the effect of alignment, due to local anis
ropy, of local Co magnetic moments in the current all
system. Above the 3p threshold of Co, up to;80 eV, sev-
eral structures are seen in the polarization spectra whic
supported by very weak intensity structures at the high
0-2
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FIG. 1. ~a! Intensity spectra obtained at four channeltrons of the polarimeter after successive background subtractions. The de
of the channeltrons are given as viewed normal to the scatterer plane.~b! Auger spin polarization spectrum of Gd-Co composite system
the energy region ofMxVV (x51,23) transitions for Co and N45XY (X,Y54d,5p,5s,4f ,V) transitions for Gd. The black line is three-poin
fast Fourier transform~FFT! smoothing of the data, drawn as a guide.~c! X and Y components of the polarization constituting the sp
polarization spectrum. The inset shows the sample geometry with respect to the transport optics.~d! Angle variation corresponding to th
polarization spectrum in~a!. The representative Co and Gd moments are drawn in the inset, not necessarily residing at exact energ
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energy tail of the main Co Auger line. It is known that som
of these structures are related to autoionization emissio
resonant 3p-3d excitation in 3d transition metals,16,21,22

which are expected to have higher spin polarization, beca
of the availability of only minority states at the 3d band. The
intensity spectra in Fig. 1~a! then show very distinct features
which are related mostly to Auger decay channels of ioni
4d(N45) states of gadolinium predominantly determined
the resonant 4d→4 f excitation. The most important deca
channels of resonant 4d→4 f excitation, and CK and SCK
Auger transitions including their possible spin configu
tions, are shown in Figs. 2~a!–2~d!. In the figure, only
4d-core-hole-initiated transitions are shown, since th
transitions fall into the energy range of interest. Altern
tively, an Auger transition of the kind 3d4dX, where X
stands for any state from 4d to V, may also result in a 4d
core hole at high enough primary electron energies. Thi
indeed the case for the energy of the primary electron be
used in the experiment as follows: The relative contribut
of 3d and 4d levels on the basis of relative ionization cro
sections can be estimated as23
02443
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P~3d!

P~4d!
'

E~4d!

E~3d!

n~3d!

n~4d!

H 11
2

3
lnS EP

EB~3d! D J
H 11

2

3
lnS EP

EB~4d! D J
,

whereP’s are the probabilities of ionization,EB’s and n’s
are the corresponding binding energies and number of e
trons, respectively, andEP is the primary beam energy. Thu
for 8 keV beam energy, it is calculated that the probability
3d ionization is 87% of that of 4d ionization. Therefore, it is
probable that a 4d core-hole generation may also be the r
sult of a 3d4dX Auger transition. However, energetically
these transitions will be off the energy range and will on
assist in 4d core-hole generation.

Of the structures in the spectra in Fig. 1~a!, the distinct
intensity structure at 102 eV is the N45O23N67 transition that
is also of the strongest Auger processes that contribute
nificantly to the intensity structure. In these processes, th
is no spin preference of O state (5p or 5s) electrons to fill
the 4d core hole. As is shown in Fig. 2~d! (d5 andd6), one
0-3
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would expect this sharp structure as one of the domin
processes after core-hole creation at 4d, since there exists no
restriction on the creation and relaxation involving the tw
states. One would expect high spin polarization as a resu
these transitions, because the Auger electron is from the f
polarized 4f level if no charge transfer is involved. This
indeed the case with;45% in our polarization spectrum
The rather broad shoulder of this structure towards
lower-energy region that peaks around;88 eV is attributed
to collective contribution ofM1M45M45 of Co and two Au-
ger structures: namely, N45O23O23 and N45O1V of Gd. The
former transition in Gd, N45O23O23, tends to decrease th
spin polarization at the middle of this broad peak, and
latter, N45O1V, gives rise to spin polarization due to the n
ture of the valence band in Gd. The peak polarization
;93 eV is due to the latter transition. As we will discuss

FIG. 2. ~a!–~d! The schematic picture of representati
4d-core-hole-initiated resonant~left! and normal~right! Auger tran-
sitions of gadolinium, explained in the text.~e! Representation of
4d core-hole generation via a 3d-4dX Auger transition. The tran-
sitions involving spin-flip processes in excitation and/or relaxat
are shown as double triangles.
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the following, it is observed that the polarization arisin
from the transitions including the valence band (5d16s2) is
in general higher than the counterpart, which involves thef
level of Gd. This is indeed the case for the polarization pe
observed also at 110 eV, which is assigned to the N45O23V
transition. The spin polarizations of both structures are fou
to be around 60%, which validates the self-consistency of
polarization spectrum. The observed enhancement of
valence-band polarization of Gd arises from the coupling
Co to Gd moments via the 5d states.

At the energy region of 115–145 eV, two other features
123 eV and 133 eV are visible in the spectra shown in F
1~a!. Of these structures, the broader peak at 123 eV is c
posed of multiple structures of resonantly and nonresona
excited Auger decays of N45N67X (X5N67, V! transitions.
The normal Auger line N45N67N67 @Fig. 2~a5!# of these tran-
sitions with a 4f 22 two-hole final state is expected to be
the lower-energy tail of this broad peak. Although the inte
sity feature associated with this transition is not readily se
in the intensity spectra, the polarization spectrum reveals
structure with a polarization peak around 118 eV with a pe
value of ;30%. This value is not consistent with the on
obtained from the N45O23N67 transition ~45%!, and the dif-
ference is attributed to the respective difference in recom
nation channels of 5p-4d and 4f -4d states@see Figs. 2~a5!
and 2~d5!, ~d6!#. The second assignment from the polariz
tion spectrum is the peak structure at 126 eV with a po
ization of ;35%. This structure is the combination of tw
transitions: namely, resonantly excited N45N67N67 (5XJ) and
normal N45N67V transitions@Fig. 2~c!#, whereX stands for
all possible angular momentum quantum numbers.6 As is
shown in Fig. 2~a!, N45N67N67 Auger transitions after reso
nant 4d→4 f excitation @~a1!–~a4!# with 4 f 21 single-hole
final state are shown. Of the resonant excitation proces
all processes require the spin-flip scenario at some stag
the transition, either excitation or decay, or both, except
the excitation of a spin-down electron~a1! to the available
minority spin state at the 4f level. In a recent photoemissio
study24 of spin-flip processes involving 4d– 4f transitions, it
is suggested that the spin flip predominantly takes place
the photoexcitation stage. Therefore, we assume that only
processes of type~a3! and ~a4! dominate the spin-flip-
involved transitions. As can be clearly visualized with t
simplest picture, this process may lower the spin polarizat
of the Auger electrons originating from this resona
N45N67N67 transition. The transition (7FJ) in Fig. 2~a1!,
which does not involve the spin-flip process, obeys spin c
servation. This transition dominates the high-energy reg
of the intensity spectra by a sharp peak at 133 eV and
polarization value of 33%. For the sake of completeness
should also be noted that the 4d core hole may result from
the ionization of a spin-down electron, but the decay of a
electron from the 4f level is spin prohibited, not shown in
Fig. 2~a!.

At the resonant and nonresonant regions of the polar
tion spectrum, the polarization values are seen to be lowe
by around 30% between 115 and 140 eV, compared to
counterpart with 5p-4d relaxation. This can be safely attrib
uted to the spin-flip contribution of the resonant proce

n
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which is predicted to be about 30% by the calculation
Sugar25 on trivalent Gd atoms. Therefore, a 30% reduction
polarization values, including the spin-flip contribution, t
4 f level polarization of 30% is an important point for th
consistency of the experiment. As was mentioned previou
the excitation source of a 8-keV electron beam assists
promotion of 3d core holes. It is known9 that the normal
Auger line of the kind N45N67N67 is strongly affected by the
presence of spectator-hole satellites at high energies, rel
to N45O23N67 transitions.

Auger transitions, namely, N45VV, involving the 5d16s2

valence (V) states with initial state of either 4d-4 f resonant
excitation or 4d electron ionization, are shown in Fig. 2~b!.
The normal Auger line of this transition Fig. 2~b4! and 2~b5!
may contribute to the structure observed at 133 eV. Obse
structures both in intensity and polarization spectra are ta
lated in Table I.

Following the above discussion of uniquely observed fi
structures of both intensity and polarization spectra, in F
1~c! and 1~d!, the spectra of two orthogonal polarizatio
components, namely,Px and Py , and the angular variation
of the polarization are shown, respectively. The angu
variation of the polarization unambiguously shows the c
pling between two subnetworks within the composite s
tem. For the Co region of the angle spectrum in Fig. 1~d!, the
polarization arises from the admixture of majority electro
with the minority electrons of Co sites between 40 and
eV, thus zero degree. Then, there exist resonantly em
dominant majority electrons of cobalt between 57 and 70
pointing upwards: from this point forward, the spectra a
dominated by Gd Auger electrons, especially from 4f and 5d
states pointing downwards. The details of all spectra, incl
ing the angle variation spectrum, also show effects of c
figuration interactions in the system, which is valuable
theoretical aspects.

TABLE I. The observed spin polarization values of promine
Auger lines~in %!. The data at last column are for comparison
the polarization values obtained on Gd-only sample by Tabo
et al. ~Ref. 10!. Expected energies are due to Riviereet al. ~Ref. 7!.

Transition
Expected
energya Energy Polarization~%!

Peff ~%!b

at 2.5 keV

N45O1V 99 93 60
N45O23N67 111 102 45 24
N45O23V 120 110 60
N45N67N67(

7DJ) 126 118 30 28
N45N67N67(

5XJ) 134 126 35 31
N45N67V
N45N67N67(

7FJ) 140 133 33 42
N45VV

aReference 7.
bReference 10.
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As was explained in the text, the determination of 4f and
5d level polarization values of Gd makes the comparis
with previous available data possible. The effective spin
larization value of the 4f level is expected to be 100%, as
suming spin conservation. In previous studies12–14performed
on bilayer systems of Gd-Fe, the 4f spin polarization is
found to have a dependence on both the thickness of the
adlayer and the temperature. AtT5170 K, Carbone and
Kisker13 found a value of 60% for 4f level polarization on
the 1-ML Gd/Fe~100! system. The room-temperature me
surement by Kachelet al.14 showed a value of;45% polar-
ization of the 4f level from both on- and off-resonance ph
toemission experiments on the same system. Although in
alloy with cobalt, the N45O23N67 normal Auger line probing
the 4f level of Gd shows excellent agreement with previo
studies. This transition is relatively more important from th
oretical aspects as being the undisturbed Auger line of c
levels only of Gd. From our measurements, the spin po
ization value of this normal line is found to be also 45%
which is very consistent with the previous work.

The spin polarization of the 5d state in Gd is found to be
rather strong~60%!, as it is the state that translates the m
ment distribution between Gd 4f and Co 3d states via
3d-5d hybridization. Strong polarization with the same o
entation of Gd 4f states confirms that the 5d states are fer-
romagnetically aligned with the Gd 4f . The spin polarization
value given here is valuable information about the RE-
and RE-TM exchange interactions. It also confirms that
coupling is mediated by the 5d state via the 4f -5d exchange
and the 3d-5d hybridization, as was expected from the m
lecular orbital formalism.2

In conclusion, we have performed spin-polarized Aug
electron spectroscopy on the Gd-Co composite system.
tails of the 4d-core-hole-initiated Auger transitions includin
their spin polarization and energetics are given. The 4f po-
larization values of Gd are seen to be coherent and v
consistent with previous studies performed on bilayer s
tems. Besides the element-specific information obtained b
for Co and Gd, it is observed that the 5d states have en
hanced spin polarization, confirming the coupling of m
ments in the composite system via 5d states of Gd. It is also
unambiguously observed that Co magnetic moments are
deed ferrimagnetically aligned to the Gd ones via 4f -5d
positive exchange and 3d-5d hybridization. We hope tha
the information obtained here will serve as another data p
obtained for understanding of fundamental properties
RE-TM systems.
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