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Various electron-spectroscopy techniques are used to determine the electronic structure of Mn im-
purities in Ag and Cu. The spectral distributions of both minority- and majority-spin impurity d
states are determined experimentally and compared to model calculations considering the photo-
emission matrix elements. The exchange and Coulomb integrals and energetic positions of the im-
purity d states as well as the impurity-host d-s and d-d hybridizations are determined. We find
that the impurity minority-spin states are quite wide and lie close to the Fermi level, which raises
questions concerning the validity of the use of a Kondo Hamiltonian to determine the low-energy
scale properties. In addition, the hybridization of the majority-spin states with the host d band is
larger, causing these to delocalize, whereas the magnetic moment remains localized. This large hy-
bridization can introduce new exchange mechanisms not foreseen in conventional models.

I. INTRODUCTION

Mn dissolved in Ag and Cu form extensively studied
systems of binary alloys. In 1951 dilute CuMn and
AgMn were found to exhibit a resistivity minimum,!
which, after the discovery of the now well-known Kondo
divergency, led to a flurry of both experimental and
theoretical activity. Later,? the same alloy systems were
found to exhibit spin-glass behavior, which stimulated
research in the more concentrated alloy systems. Because
of the interesting properties of these materials, virtually
the whole arsenal of experimental and theoretical tech-
niques available to the solid-state physicist has been used
to study these materials. The results obtained from these
studies are discussed in several reviews.’

A very basic question, which is, up to now, still open,
concerns the validity of using the Kondo Hamiltonian to
describe the ground-state properties of these systems. The
Kondo Hamiltonian describes the scattering of conduc-
tion electrons by a localized spin via an exchange interac-
tion J(k,k'), and is of the form

H= —(ZN)_lkaq[ Sz(c;tckt“chckt)
kg

+S-Fc;16kt+s—cgrck¢] . (1)

The Zeeman part of this Hamiltonian gives rise to the
so-called Ruderman-Kittel-Kasuya-Yosida* (RKXKY)
spin-density oscillations around the magnetic impurity,
which, in turn, leads to an oscillatory indirect-exchange
interaction between impurities. This type of interaction is
usually assumed in studies of the spin-glass behavior, and
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much work has been done to determine the strength of the
exchange interaction. The spin-flip-scattering terms give
rise to the Korringa-like linear temperature dependence of
the linewidths in NMR and ESR experiments. In addi-
tion, the spin-flip-scattering parts result in a divergence in
the perturbational treatment of the conduction-electron
scattering at a characteristic temperature referred to as
the Kondo temperature.

In using the Kondo Hamiltonian, one assumes that the
impurity has no electronic degrees of freedom correspond-
ing to energies in the vicinity of the ground state. In oth-
er words, the occupied impurity states must be far below
the Fermi level and the unoccupied states must be far
above the Fermi level. The only impurity degrees of free-
dom left then are of spin and/or orbital nature. This con-
dition is derived in a more elegant manner by Schrieffer
and Wolff,’ who showed that the more general Anderson
Hamiltonian could be transformed to a Kondo Hamiltoni-
an provided that 7. =T4+/|e;| <<1, where T and e+
are the width and energy, respectively, of the majority-
spin (+4-) and minority-spin (—) states.

It should be noted that even if the above conditions do
not hold, it may still be possible, in certain cases, to
describe the system with a Kondo-like Hamiltonian. To
see whether or not this is the case, one would have to
study the higher-order terms of the Schrieffer-Wolff

transformation.

As we will show below, it is probably inappropriate to
try to describe Mn impurities with a Kondo Hamiltonian,
suggesting the use of the more general Anderson Hamil-
tonian. The Anderson Hamiltonian® in its more general
form reads

1936 _ .. ©1985 The American Physical Society



31 ELECTRONIC STRUCTURE OF Mn IMPURITIES IN NOBLE METALS

1937

H=S 0otk otkot S eadhodmot S Viendherotclodn)-+ S U)K, Ddidsdld; . )

ko m,o k,m,o

The last term describes the electronic structure of the im-
purity atom and consists essentially of two kinds of con-
tributions. ‘

(1) It describes the term splittings within the atom
keeping the number of d electrons fixed (Hund’s-rule cou-
pling). ‘

(2) Tt describes the Coulomb contribution to the energy
required to remove or add an electron for each of the
terms of the n 41 or n —1 states. In other words, it pro-
vides for the difference in the ionization potential and
electron affinity for the atom. This form for the Ander-
son Hamiltonian is often approximated by

HI = %( U-—J) 2 d;rrwdmadt.zradno + ';._ Uzdladmadjg_dng .
ms£n m,n
m,n

(3

In this approximation one neglects the orbital dependence
of the Coulomb interaction, which is known, from atomic
theory, to be of the same order as the spin dependence.
This also is clearly demonstrated in metals by the Auger
spectra of pure Cu (Ref. 7) and Pd impurities in Ag (Ref.
8). If the Coulomb part of the Hamiltonian could be ap-
proximated by Eq. (3), a d 8 configuration would consist
of two states, namely a singlet and a triplet with a split-
ting of 2J, whereas the Auger spectra show that the orbi-
tal splitting of the singlets and triplets is comparable to
the singlet-triplet splitting.

The term splitting of the atomic d” states determined

by Ui, j,k,) in Eq. (2) can be expressed in terms of two _

Slater integrals, F2 and F*, while the monopole contribu-
tion to the Coulomb energy is F°. Usually, it is assumed
that the monopole contribution is the largest in metals, as -
it is for the free atom. It then would suppress large polar-
ity fluctuations, stabilizing a state with a particular num-
ber of d electrons. The F? and i7* integrals then contri-
bute to the stabilization of a particular term of a d” con-
figuration, which, in most cases, is a magnetic state. =~
Upon placing such an atom in a metallic host, several
things can happen. The hybridization term in Eq. (2)
causes a mixing of the d”" states with d nt1 states, and
also, in higher orders, causes a mixing of the various

terms within d”, resulting eventually in a loss of the

atomic characteristics, and leads to a nonmagnetic ground
state. Another consequence of the metallic surroundings
is that the atomic Coulomb interactions are screened. A
large number of Auger-spectroscopy investigations of Cu,
Ni, Ag, Pd, and impurities such as Ni and Pd in metals
have shown that the monopole term (F %) is strongly
screened, whereas the higher-multipole terms (F? and F*

.

ij, :
k!
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are reduced by at most 20% from the free-atom values.’
This is an extremely important observation for the under-
standing of transition-metal impurities in solids.

In addition to the approximate forms usually used for
the Coulomb interactions in the Anderson Hamiltonian,
one also usually assumes that the host-metal density of
states is constant in the energy region of interest. For
transition-metal impurities in noble-metal hosts, the high
host-metal d density of states not far from the Fermi level
might play an important role if these states hybridize suf-
ficiently with the impurity d states. In this sense the
noble-metal d bands are not unlike the ligand p bands in
halides and chalcogenides, which are known to be the
mediators for relatively strong superexchange interactions.’

In an attempt to obtain more information about the rel:
ative importance of the above-mentioned interactions, we
undertook a detailed investigation of CuMn and AgMn
alloys. The aim of the investigation is to obtain informa-
tion concerning (a) the energies of the majority- and
minority-spin states of Mn, (b) the magnitude of the
Mn d—host sp hybridization, (¢) the importance of the
Mn d—host d hybridization, and (d) the magnitude of the
impurity d-d Coulomb interactions F 0 F% and F 4 which
are related to U and J in frequently used approximations.

The experimental techniques used are x-ray photoelect-
ron spectroscopy (XPS), x-ray-excited Auger spectroscopy
{XAES), high-resolution ultraviolet photoelectron spec-
troscopy (UPS), and bremsstrahlung isochromat spectros-
copy (BIS).

Before we present the results, it is useful to illustrate
what we might hope to learn from these techniques. To
do this, we consider the Mn impurity to be in its d 5
Hund’s-rule ground state d>(%9), as suggested by the ex-
perimentally determined magnetic moment, which is close
to Sup.1° By the removal of one d electron, as in UPS,
we can determine the energy of the d* states, of which
only the d*°D) is accessible by fractional-parentage argu-
ments. By the addition of one d electron, as in BIS, we
can determine the energy of the d® states, of which, again,
only the 3D state is accessible. By careful data analysis,
we should be able to determine the spectral distributions
of these states from which the s-d and the impurity-host
d-d hybridization can be determined. With Auger spec-
troscopy, we remove two d electrons, ending up in a d-
configuration, of which only the *F and *P states are ac-
cessible. '

From these measurements we can obtain the majority-
spin “hole” energies, the minority-spin “electron”™ ener-
gies, and the Coulomb interactions. For the latter we
proceed as follows:

[E(dSCD)—E(d3(58)]—[E(d* D)) —E(d3((SN]=F°+ 4 (F2+F* ,

[E(d¥*F,*P))—E(d*(°S))]--2[E(d*(°D))—E(d*(’S)) | =F°— 7 (F*+F* ,

4)



1938

as can be found in Slater’s’! treatment of term splittings,
where E(d*(*F,*P)) is the average energy. In this way,
we have enough information to obtain F® and F2+F* In
the more conventional notation for magnetic impurities,
FCis equivalent to U, and 5 (F2++F*)=J. ’

It is perhaps instructive at this point to briefly discuss
the energetics of d” configurations to remind the reader
of the, in atomic physics, well-known energy-level dia-
gram. We show in Fig. 1 all the atomic terms for the con-
figurations d'—d!° as calculated using Slater’s expres-
sions for the term energies in terms of the F°, F?, and F*
integrals. For F° we used 1.04 eV, and for the F? and F*
integrals, 8.94 and 5.62 eV, which are reduced by 20%
from the Mn free-atom values.’> These are values which
were determined from the present study as discussed
below. The energy-level diagram is drawn assuming the
d>(°S) state to be the ground state. The point we want to
make here is that the term energies of a d° configuration
are spread over an 11-eV interval, which is an order of
magnitude larger than the expected hybridization widths.
Another important point concerns the “gap” of 3 eV seen
in Fig. 1 between the Hund’s-rule ground-state term and
the first higher-energy term. It is this large gap which
strongly favors a magnetic ground state.
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II. EXPERIMENTAL SETUP

A. Instrumental details

Three different experimental setups were used for the
study presented here. The XPS and XAES spectra were
obtained with a modified AEI (KRATOS) ES200 spec-
trometer. Both Al and Mg Ka x-ray sources were used.
The base vacuum in the 10~ !!-Torr range was obtained
with turbine pumps and a liquid-nitrogen-cooled Ti sub-
limation pump. The sample-preparation chamber was
equipped with Ar-ion-etching and sample-scraping capa-
bilities.

The UPS measurements were done using a cylindrical
mirror analyzer as described by Bosch.!> The base pres-
sure was in the 10~ !'-Torr range, achieved with a com-
bination of a diffusion pump and a liquid-nitrogen-cooled
Ti sublimation pump. The samples could be argon-ion-
etched and heat-treated in situ. The surface contamina-
tion was checked using electron-excited Auger spectros-
copy using the same electron analyzer. The light source
was a He resonance lamp operated to optimize the Hel
component. The energy resolution of the instrument was
40 and 80 meV at 5 and 10 eV pass energy, respectively.
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FIG. 1. Quasiatomic d states of a Mn atom in a Ag surrounding, calculated from Slater’s atomic tables and using I =—3.10 eV,

F%—1.04 eV, F2=8.94 eV, and F*=5.62 eV.
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FIG. 2. UPS spectra of Cu, Cugg;Mnyges, and CugeMny, di-
lute alloys.

In the cases presented here, we used 10 eV pass energy.
To obtain sufficient statistics, multiple scans were accu-
mulated with intermittent surface treatments every 30
min.

The BIS results were obtained with an instrument

described elsewhere.!* The bas: pressure was in the.
10~ !'-Torr range but increased to 10~'° Torr with the

electron gun operating. Surface-contamination checks
were done with XPS in the same instrument. Again, mul-
tiple scans were required to obtain sufficient statistics
with intermittent sample scraping in the preparation
chamber. The resolution as determined from the Fermi-
edge cutoff in pure Ag and Cu was 0.85 eV.

B. Sample prepziration

The polycrystalline 4gMn samples (5 and 10 at. %)
were obtained from the melt. Metallographic examina-
tions showed that the samples were homogeneous and
showed no secondary phases. The polycrystalline CuMn
(1.5, 5, 10, and 15 at. %) samples were supplied by My-
dosh and co-workers.> Although it is generally agreed
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FIG. 3. UPS spectra of Ag, Ago.osMng s, and AgyoMng ; di-
lute alloys.

that there is an anticlustering tendency in the otherwise
random substitutional dilute alloys 4¢gMn and CuMn, re-
cent extended x-ray-zbsorption fine-structure (EXAFS) re-
sults!® show 100% anticlustering for nearest-neighbor Mn
atoms in AgMn up to 14 at. % impurity concentration.
Diffuse x-ray-diffraction results!” show 50 at. % Mn mi-
crodomains above 8 at.% impurity concentration,
whereas neutron-scattering experiments'® show only par-
tial deviations from randomness in the first-neighbor
shell. In addition, the double-peaked structures in the
XPS measurements'® on co-evaporated AgMn alloys by
Hdchst et al. indicate the presence of Mn clusters in the
concentration range above 7 at. %. As we did not observe
such features in the XPS spectra of our samples, we be-
lieve that the occurrence of Mn clusters is highly depen-
dent on the details of sample preparation. We will assume
that the Mn atoms in our samples can be considered dilut-
ed. ‘

Another problem concerning the Mn concentration is.
related to the segregation enthalpy of Mn in Cu and Ag.
From Miedema’s tables®® we obtained —0.16 and 0.12 eV
for the segregation enthalpy of Mn in Cu and Ag, respec-
tively. This would imply that equilibrium Mn surface
concentration in a CuMn alloy is almost 100 at. % at
room temperature. We checked the impurity concentra-

tions of our samples after scraping and argon-ion etching
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FIG. 4. UPS spectra of Cu, Cug¢sMnggs, and CugeMng, di-
lute alloys corrected for a Hel satellite, analyzer transmission,
and inelastically scattered electrons.

in situ with electron-excited AES and XPS.

All the results showed that the Mn surface concentra-
tion was strongly enhanced in all 4gMn and CuMn alloys
immediately after insertion of the polished samples, and
that the surface was strongly oxidized. However, as soon
as an oxygen- and carbon-free surface was obtained, with
either scraping or argon-ion etching, the cross-section-
weighted Mn 2p lines, as compared to the host-core lines,
had intensities close to those expected from the chemical
composition.

III. RESULTS

In Figs. 2 and 3 we show the UPS spectra of the pure
hosts and several concentrations of Mn in Ag and Cu.
These spectra were subsequently corrected for the 23.08-
eV He satellite and for a scattered-electron background.
The He-satellite relative intensity was obtained from the
Ni Fermi edge. The scattered-electron back%round was
corrected for by using an iterative procedure.?! In addi-
tion, we applied a 1/E correction?? to the intensity to ac-
count for the energy-dependent transmission of our
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FIG. 5. UPS spectra of Ag, Agy¢sMnggs, and AgysMng di-
lute alloys corrected as in Fig. 4.
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FIG.7. AgMn BIS spectra.

analyzer. The so-obtained corrected spectra are shown in
Figs. 4 and 5.

The BIS spectra shown in Figs. 6 and 7 have not been
corrected in any way, since, at the high energies used, ex-
perience shows that the inelastic scattering background is
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FIG. 8. CugsMng; and AgpgsMng s XPS spectra of the Mn
2p1s2,3/2 lines. The vertical bars indicate the energy positions
used in the text.
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not nearly as sensitive to the details of the surface as it is
in UPS. Furthermore, the transmission in this relatively
small energy range is nearly energy independent.

The XPS and AES measurements were done on samples
treated by both scraping and argon-ion etching. No
detectable difference was observed in the spectra using
these procedures. The spectra were obtained using both
Al and Mg Ka x-ray sources to avoid accidental overlap
of Auger and photoelectron components. The Mn 2p
XPS spectra are shown in Fig. 8, and the L, 3 My sMy s
Auger spectra in Fig. 9. The Mn 2p binding energies and
Auger kinetic energies are presented in Table I.

IV. DISCUSSION

" The UPS spectra of AgMn alloys shown in Fig. 3 clear-
ly exhibit a peak between the Ag d band and the Fermi
level which we attribute to the majority-spin virtual
bound state of Mn. Assuming that the ground state is
close to d>(59), this peak would correspond to a d*°D)
state. We note, however, that this state is quite close in
energy to the Ag d band, so that hybridization herewith

TABLE 1. Binding energies and average kinetic energies of

Mn 2ps,, XPS lines and L; FV Auger transitions.

l Mn 2p,;, XPS Mn L3 VV Auger
System binding energy (eV) kinetic energy (eV)
AgMn 642.2+0.5 635.3+0.5
CuMn 641.3+0.5 635.0+0.5
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could be quite important. In the CuMn spectra this extra
peak is not visible, which suggests that the Mn d*°D)
state lies inside the Cu d band. This is also expected from
energetic considerations. Assuming the d* state of Mn to
be at about the same energy in Ag and Cu hosts, we see
from the AgMn measurement that it will be close to the
center of the Cu d band. This would result in strong mix-
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FIG. 10. Difference spectra of the (A) AgMn and (B) CuMn
UPS spectra and the corresponding pure-metal spectra of Figs. 4
and 5. The 5- and 10-at. % alloy difference spectra are at an ab-
solute scale relative to the pure-host—metal spectra. The solid
lines serve as a guide to the eye.

ing with the Cu d states.

In order to obtain a better picture of the changes in the
host d-band structure, in Fig. 10 we present the difference
spectra. These spectra were obtained by normalizing the
surface under the spectra of Figs. 4 and 5 integrated up to
Er. The intensities of each normalized spectrum were
then weighted with the average number of occupied d lev-
els in the atomic state, and the intensities of the pure-
metal spectra were subtracted from the weighted alloy
spectra. It is assumed here that it is mainly the d part of
the density of states that is observed in UPS.

In Fig. 10 we see several features that increase in inten-
sity upon increasing the Mn concentration. In the AgMn
spectra we observe a peak at 3.1 eV that is Lorentzian
shaped at the low-binding-energy side and that broadens
inhomogeneously as a function of Mn concentration, as in
AgPt?* The small hump at 3.6 eV, very close to the
Ag d-band edge, increases in intensity upon oxidation and
seems to be due to a trace of Mn impurities in an oxidized
state. We also see large changes in the host d-band densi-
ty of states, with sharp structures occurring at energies
where the pure-metal d-band density of states is strongly
energy dependent. These changes are due to several dis-
cernable effects.
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FIG. 11. Difference spectra of the 4gMn and CuMn BIS
spectra and the corresponding pure-metal spectra of Figs. 6 and
7. The intensities of the difference spectra are at an absolute
scale relative to the pure-host-metal spectra.




We could consider the changes in electronic structure
upon alloying as a three-step process. We first remove a
Ag (Cu) atom, creating a vacancy with no d resonances in
that energy range.?* We now put in a Mn atom which has
its d state just above the Ag d band broadened by the s-d
hybridization. We then “turn on” the hybridization of
these d states with the Ag d states. The d states on Ag
atoms close to a Mn site will be pushed to somewhat
higher binding energy, while those for Ag atoms far away
will remain unchanged and some Mn d character will ap-
pear in the Ag d band. The net effect of this will be a
negative contribution due to the removal of an Ag atom, a
positive Mn d peak just above the Ag d band, a positive
contribution in the Ag d band due to the Mn d character,
and a contribution similar to the energy derivative of the
Ag d-band density of states. We will show below that all
these qualitative effects are nicely described by a more
formal theory.

Since Mn has a large magnetic moment in Ag and Cu,
not all the Mn d states can be full, yet we see a “gap” be-
tween the occupied d states and the Fermi level, suggest-
ing that a subset of split-off states is full, which would
correspond to a half-filled d shell. The other remaining
Mn d states are observed above the Fermi level in the BIS
spectrum (Figs. 6 and 7), in addition to steplike structures

which are due to critical points* in the band structure.

To see the Mn contribution more clearly, we show the
difference spectra in Fig. 11. Thsse spectra are obtained
by normalizing the intensities at .0 eV to the same value
and subtracting. At 10 eV we expect the influence of Mn
to be negligible. ' B

The difference spectra show only a peak just above the
Fermi level which must correspond to the “missing”
minority-spin d states of Mn. We notice that these are
quite close to the Fermi level, which, as we will show
below, has serious consequences for the use of a Kondo-
like Hamiltonian. The intensity of this peak shows the
same trend upon increasing the Mn concentration as the
UPS spectra of Fig. 10. The solid line is a Lorentzian dis-
tribution with a sharp cutoff at the Fermi level. In order
to make a direct comparison with the experimental spec-
tra possible we convoluted this distribution with a Gauss-
ian with a full width at half maximum (FWHM) of 0.85
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eV corresponding to the experimental resolution in the
BIS spectra. The positions and widths for the Lorentzian
distribution are given in Table IL

"Before going on to the other results, we would first like
to analyze the UPS and BIS data in more detail in terms
of a model Hamiltonian. For the model Hamiltonian we
use a modified Clogston-Wolff?® model to include the s-d
hybridization and the large exchange splitting. This
model treats the impurity d-host d hybridization in a sim-
ple, but in our case, realistic, manner. The majority-spin
part (H ) describes the ionization spectrum and the
minority-spin part (H _) describes the affinity spectrum,
assuming the ground state to be d*(%S). The Hamiltonian
is written as

H=T, gskdladka+2mc);c,a+Ad¢d$Udo‘,
o 1
+ ;Vld(dgacla+0£7doa) . (5)

Here, g describes the energy dispersion of the host d
band, 7, that of the s band, Ay,=Ej, —€,4 the average
impurity d-state energies relative to the d-band centroid,
and V}, the hybridization of the impurity d state with the
sp band. The impurity d--host d hybridization is includ-
ed implicitly, and the assamption is made that the impuri-
ty d wave function is identical to that of the host, but its
energy is shifted. In this mode the d-d Coulomb interac-
tions do not appear explicitly, but are incorporated in the
energy difference Ay, —A,... This approximate treat-
ment of the Coulomb interactions is reminiscent of a
spin-polarized Hartree-Fock calculation. In writing the
Hamiltonian in this way, we assume that H, commutes
with H _, which neglects all possible spin-flip processes
and the influence of higher-energy terms present in the

- impurity atom’s electronic structure (see Fig. 1). The

spin-flip processes are, of course, of utmost importance to
describe the Kondo properties. We, however, expect these
to be important only very close to the Fermi level, and to
have no significant influence on the larger-energy-scale
properties. The above approximate manner of including
Cooulomb and exchange interactions will be valid only if

1943

TABLE II. Experimental (footnotes a and b) and theoretical (footnotes c—e) values for the minority- and majority-spin peak posi-
tions and widths of AgMn and CuMa.

System g4 (eV) Ty €V) Ty e_ (V) T_ (V) r
AgMn® —3.14£0.2 0.740.1 0.23 2.1£0.2 1.240.1 0.57
AgMn® —3.25 o o 1.6

AgMn°® —2.6 0.2f 0.07 0.7f 0.6f 0.86
Cu Mn® 1.7£0.2 1.44:0.2 0.82
CuMn 0.79* 0.8 1.01
CuMn® —3.5f 0.16f 0.05 0.8f 0.64° 0.8
*This work. B '

YReference 30.
“Reference 32.
dReference 29.
*Reference 31.
fEstimated from the figures.
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the ground state is close to d 3(68), which we know is true
for Mn impurities in Ag and Cu.

Having made these approximations, we have reduced
the problem to that of the sum of two one-particle prob-
lems, which is easily solved. Using the Dyson equation,
the local-impurity density of states is given by

7~ 'ImS, Giog =pao » ' (6)
o
where

G6s =gdos +840s 07 A4, GESe + ngo'z VG0 1%

and
GAY =fL3ViaGIsy | | ®
or
Gggg— gz‘iigg . -~ (9)
1— [Ado+§( Vea*f ko gggg
Furthermore,
8408 =

(OEk

is the host d-band density of states, and

ko __ 1
f ko O—T ‘
describes the s-band density of states. To simplify
matters, we further assume that (¥,4)? can be replaced by
its average value, and that the host s-band density of
states is constant in the relevant energy region so that

S (Vi fie~iT, , (10)
k
d0c
8do
GdOa- z 400 1n

1—(Agy+iTo)8500

Obviously, our difference spectra do not correspond to
the local-impurity density of states, which is positive
everywhere. This is also expected since the host density of
states will also be modified. We therefore also calculate
the total density of states:

pd(tot)—rr llmz dka' . (12)
k,o
The Dyson equation gives

d
Gl = dqaakq +gfae—=2 E dma +gdqaz sﬁ” s
(13)
slcr Vldz ‘/— deo- » (14)
Ad +11"
qua _—gdqa 8qk+g z EG“{{:‘; » (15)

or
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| (AgtiToX dko )2
Gk =gfke 4 — | 242 ga : (16)
N Ad,,.—l—lr dko
'1 N 2 8dko
(Bao+ils )_8_—71’— @ 18
Apaltot)= —7~m3 —
5 1—(Agy+il,)—
(Adg+i ")Ngco—ek
an

where Apy(tot) is the change in the density of states in the
dilute limit. We notice that the total change in the d den-
sity of states contains a derivative which results in the
sharp structures seen in Fig. 10.

A difficulty with this expression is that Ap,(tot) is not
zero for A=0 as it should be, since in a calculated band
structure the s-d hybridization is already included. The
term remaining involving iT", however, introduces a negli-
gible error for the values of I' which we require to give
the experimental virtual-bound-state widths.

A direct comparison of experiment and theory can,
however, only be made after inclusion of the photoemis-
sion matrix elements. For Ag and Cu these matrix ele-
ments are not constant over the host d band, and, in addi-
tion, the matrix element for Mn d photoemission can be
considerably different from that of Ag and, to a lesser de-
gree, Cu. In the Appendix we have derived an expression

~for the matrix-element effects following closely the argu-

ments of Shevchik,?’ but including non-k-conservation in

the initial state. From this we see that if the atomic cross

sections for guest and host atoms are the same, we can

write

A(0/00)g exp(®)
1—Agdw)

where g (w) is obtained from the pure-host UPS spec-
trum, i.e.,

Id(w)

Apg(tot)= —m'Im { ) (18)

=7~ Im[gep(w)] . (19)

In this way we can include, purely experimentally, the
matrix-element effects within the host d bands. By in-
cluding the mairix elements in this way, we should be able
to make a fairly detailed comparison with experiment.

In Fig. 12 we compare the calculated spectrum to the
experimental difference spectrum. The values of A and
I'y are chosen to give the correct peak positions and
widths, and for g5(w) we use the semiempirical density of
states as calculated by Smith.2® The large experimental
linewidth of the BIS part was included in the theory by
convoluting the part above the Fermi level with a Gauss-
ian of FWHM 0.85 eV. We see that the above-described
theory follows the experimental curve surprisingly well.

To demonstrate the influence of the energy-dependent
matrix-element effects, we also show, in Fig. 13, the cal-
culated difference density of states [Eq. (17)] using the
same parameters as for the curves of Fig. 12. Clearly, the
theory including the matrix-element effects gives a much
better representation of the spectrum. The peak positions
as well as the relative intensities of the oscillations in the
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FIG. 12. Experimental and theoretical UPS and BIS differ-
ence spectra of CuggMng,; and AgoesMnges. Dashed lines and
circles, experimental spectra; solid lines, theoretical spectra.

d band are strongly modified by matrix-element effects. -

In this theory we have assumed equal cross sections for
Mn and host d emission. This is probably not valid for
AgMn, but we notice from Eq. (A12) in the Appendix
that the influence of a different cross section (y=0) for
host and guest atoms does not effect the term involving
the derivative of the density of states, and merely adds an
only slowly-varying energy-dependent contribution in the
host d band and a small modification of the intensity of
the impurity line.

The parameters used to obtain the simulation in Fig. 12
are given in Table III. We notice that Az, for CuMn is
zero, placing the Mn majority-spin state in the center of

the Cu d band, which, as we wi.l see below, causes the _

local-impurity density of states 1o spread out over the
whole Cu d band.

Having obtained the parameters, we can now calculate

T T T T T 1 T
égMn
»
c
3
2
R
> Qngn
=
2wl
l._
Pz
[
L | I I | i I
-8 -6 -4 -2 EF 2 4

BINDING ENERGY (eV)

FIG. 13. Calculated difference density of states of AgMn
minus Ag, and of CuMn minus Cu.

the local-impurity density of states using Eq. (11). This is
shown in Fig. 14. We see, from this, the large influence
of the Mnd-host hybridization, especially for the
majority-spin states. For CuMn the impurity majority-
spin d states are delocalized over the whole Cu band.

By integrating up to the Fermi level, we can also deter-
mine the occupation of the majority- and minority-spin
states, as given in Table III, and the magnetic moment.
We find Ps=4.8up and 4.7up, respectively, for CuMn
and AgMn, which agree well with magnetic-susceptibility
measurements.!’ We also see from Fig. 14 that the Mn
minority-spin states are quite close to the Fermi level and
have a considerable width. This suggests that the use of a
Kondo Hamiltonian for describing the low-energy-scale
properties is not appropriate. As discussed in the Intro-
duction, the Schrieffer-Wolff transformation is only valid
for ry =T.1/g44 << 1, which certainly is not the case for
these systems. The values of r4 are given in Table II,
from which we see that »_ is between 0.5 and 1.

In Table II we also give the experimentally determined

TABLE III. Parameters used in the model calculations. P is obtained using Pg=gV S(S + 1),'with ‘S==%(n+ —n_). n4 are

the occupancies of the majority- and minority-spin impurity d states.

System Agy (€V) L, (V) nae  Aa_ V) I_ (eV) 4. Pes
AgMn 2.240.1 0.7+0.1 4.44+0.1 " 73102 12+0.1 0.77£0.1 4.6
CuMn 0 0 5 - 47+0.2 1.440.1

1.09+0.1 4.8
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FIG. 14. Calculated spin-projected local d density of states at
a Mn site in a (A) Ag and (B} Cu surrounding.

widths and positions of the impurity states, together with
values from other investigations. We notice that the split-
ting between the majority- and minority-spin states, as
determined here (5.3 eV for AgMn), is considerably larger
thanzgthat obtained from first-principles calculations (3.5
eV).

As described in the Introduction, we can obtain the
Coulomb interactions from the minority- and majority-
spin Mn d-state energies. From these, we obtain
F'4 £ (F*+F*)=5.2 eV for AgMn. To obtain the
separate contributions of F°=U and the exchange
J =17 (F24+F*), we can use the Auger results. The Auger
spectra of Fig. 9 should, in the atomic limit, consist of
two lines corresponding to d3(*F) and d3(*P) for an ini-
tial d3(%S) ground state. However, as has recently been
shown by Vos er al.,® the impurity Auger spectra are
strongly distorted in nobel metals because of hybridization
with the host-metal d states. The expected *F-*P splitting
will therefore not be observed, and we can use only the
term average energy to estimate the Coulomb interactions.
The average kinetic energy of thé Auger electron is given
by

Eyin(*F,*P)=E,, , —E(d*(*F,*P)),

where E,,  is the binding energy of the M,, 1, Clectron.
Using the values of Table I, we find E(d3(*F,*P))
=(6.8+0.7) eV for AgMn, and using Eq. (4) we find
FO— - (F?+ F*)~(0.0+0.7) eV, and using the UPS and
BIS results we finally obtain F°~(1.0£0.7) eV and -5 (F?
+F%~(1.01£0.2) eV. We see from these estimates that
F? is strongly reduced from the free-atom value (22 eV),!!
a result which is quite general for 3d transition metals.?
The higher-multipole terms in the Coulomb interaction,
F? and F% remain close to the atomic value,
+(F2 4 F%=1.2 eV.!! This also is a quite general result
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for the transition metals.® The solid lines in Fig. 9 are
theoretical impurity Auger spectra obtained in the way
described by Vos et al.,® starting from the lIocal-impurity
majority-spin DOS of Fig. 14. For the details of the cal-
culation, we refer to Ref. 8. From the values for F°, F2,
and F*, we obtain Ug(*P)=1.3 eV and U(*F)=—0.6
eV for Mn in Ag, as can also be verified from Fig. 1. For
Mn in Cu we took 0.7 and —1.2 eV respectively, assum-

ing the same term splitting as in the Ag host, but a small-

er F° value of about 0.4 eV.

Upon comparing the  theoretical and experimental
CuMn LVV spectra, we see that, experimentally, there is
some more intensity at about 631 eV kinetic energy. We
believe that this is caused by a slight oxidation of the Mn
atoms during the measurement, as the intensity in this re-
gion was somewhat enhanced several hours after initial
cleaning of the sample. However, also in the higher-
kinetic-energy regions of the spectrum there are differ-

‘ences between the experimental and the theoretical line

shape which may be very well due to the presence of the
Mn minority-spin states close to the Fermi level. In the
presence of a core hole, these states may become partially
occupied, and the implicit assumption of initially full
shells in the Auger process is no longer justified. An ex-
act theory that takes into account such effects is, however,
not available at present.

The above-mentioned values of F°, F% and F*, in addi-
tion to the UPS d* final-state energy, were used to gen-
erate the term energy diagram in Fig. 1. This diagram
shows that the most important excited states mixed into
the ground state because of hybridization with the sp
bands are the d®%°D) and d*(°D) states. It is interesting
that these states are also both magnetic, so that the mix-
ing will not destroy the local moment.

From the above analysis we have obtained a fairly good
picture of the electronic structure of these alloys, at least
for the so-called high-energy-scale region. We already
pointed out that the Clogston-Wolff-like theory used is
not valid to describe the low-energy-scale region and
therefore cannot be expected to be correct at the Fermi
level. The high-energy-scale results, however, can now be
used to do a more sophisticated calculation of the low-
energy-scale properties. We notice from Fig. 1 that the
most important configurations which will mix via s-d hy-
bridization with the d>(°S) state are the d%°D) and
d*°D) states. Of secondary importance are the
d*(*G,*P,*D) states which can mix in higher orders in
Viq via the d®°D) and d*(°D) states. We also notice that
the d%°D) and d*(°D) states are both fivefold orbitally
degenerate, which is sufficiently large to expect a fast con-
vergence of a (1/N)-type perturbation expansion.*?

The Kondo Hamiltonian has been extensively used to
describe the exchange interaction between magnetic im-
purities leading to the well-known RKKY oscillatory
behavior thereof. The above results raise serious questions
concerning the validity of such an approach for two
reasons. First, the validity of the use of the Kondo Ham-
iltonian is questionable, and, second, the Mn d-host d hy-
bridization, which we find to be strong, is not included in
the RKKY theory. The most extreme cases are the
majority-spin states in CuMn, which are apparently delo-



calized over the entire Cu d band. This strong delocaliza-
tion is also present, to a lesser extent, in AgMn. The
minority-spin Mn states can, on the other hand, be con-
sidered to be quite localized, although even these have
some density in the host-metal d band. As a result the
magnetic moments are localized at the Mn atoms, but the
d electrons are not. A consequence of this is that d elec-
trons also mediate excharnge interactions between local

moments. We see that there are two extensions of the

usual RKKY interaction* to be made:

(1) The Anderson Harmiltonian must be used instead of
the Kondo Hamiltonian.

(2) The occupied d bands of the host material must be
included.

V. CONCLUSIONS

From this study we have obtained the following:

(1) A direct determination of tte energy and widths of
the impurity majority- and minority-spin states in CuMn
and AgMn.

(2) The host d band is strongly perturbed by the impuri-

ty, which is well described by a2 modified spin-polarized
Clogston-Wolff mode.

(3) The majority-spin impurity states are strongly delo-
calized via hybridization with the host d band. The
minority-spin states remairn quite localized.

(4) The close proximity of the minority-spin impurity
state to the Fermi level, together with its large width, in-
dicates that the use of a Kondo-like Hamiltonian tc
describe these systems is not appropriate. -

(5) The monopolelike impurity d-d Coulomb interac-
tion is strongly reduced from the free-atom value, whereas
the higher-multipole terms are close to the atomic values.

(6} The host-metal d band could be an important medi-
ator for superexchange-like interactions between impurity
spins. , -
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APPENDIX

In general, the photoemission current can be written as

JEQ=3'S3{ My, quMi, i, I Gl (B —Q)]}
. k/’ kg pm,v

(A1)
where () is the photon energy, E the energy of the outgo-

" ing electron, and M, kg the transition matrix element to

a state kf from a state in band p with wave vector q. The

summatwn over ks is limited to the constant-energy sur-

face E. G is the Green’s function for the alloy.
Followmg Shevchik, (27) we write

1 i(k,—q)'R
3T

My q= (A2)
n

ou(ksv),

with the summation running over the atomic positions
Ry, and

a,,(kf,v)=\/ﬁ(\ykf| Ap|¥,,). (A3)

In this expression we have used a Wannier representa-
tion of the initial-state wave functions and have assumed
that the Wannier functions are wave-vector independent
as, for example, in a tight-binding model. The cross sec-
tion o, will depend only on the kind of atom on site 7,
the inifial-state symmetry v, and the final-state wave
function. In the case of a pure material, o is site indepen-
dent, so that

Mkf,q,,‘,:a'(kf,’\/)S(kf—q) y (A4)‘

where S (k) is the form factor given by
1 kR,
S(k)=23e’ _zakq, (A5)
n
where Q is a reciprocal-lattice vector.
For a single impurity at site R, =0, we define
y=(o imp— Ohost) /Thost » (A6)

and we will assume that y is independent of ky, and that
the final-state wave function is not changed by the pres-
ence of the impurity. We then obtain

Mkf’qw:(f(kf,vl[S(kf—Q)+’}{/Nr] 5 (A7)
and, from Eq. (A1),
o (E — .Q)—i-‘y,ﬂ/,,—-G E-0) ||, (A3)

N

where k, is ky minus a reciprocal-lattice vector, and it lies in the first Brillouin zone. G refers to the impurity Green’s

function.

We first consider the case studied by Shevchik, namely that the initial-state wave functions are unchanged by the im-
purity and only the cross sections are different for impurity and host. This is equivalent to

GE=gf, GP=(1/V'N)gf, and GJ=(1/N)Zgf,
k

and

(A9)
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J(E,Q)=Im [2’ | o | 2lgk+2(Rey)egk+ | v | 2cg5]
k

lz]?

with C=1/N, gf the pure-host Green’s function, and

1 2
= on" =

|&]? | o) | M1 +2y¢)+O(1/N?) ,

E'g;i‘(E—Q)]H lAalz)Egl’:(E—-Q)] ,
k k

(IAalz)——Zlm &=

(A10)

|ow | 2% +O(1/N?) , (A11)

which is the same result as obtained by Shevchik. To obtain the relation used in this paper [Eq. (18)], we substitute into
Eq. (AB) the expressions for the Green’s functions based on the Clogston-Wolff model, Eqs. (12)—(17),

o) " (A+iD)[ge (E —Q)P? 2 Reny g (E—Q)
JEQ)=ImS i (E—Q)+— 2(R
(E,Q) m% | othp) |* g PN I E ) TV R Tl E )
0
i 2 go(E-—ﬂ)
1 AL2
I A it E—) (A12
Taking ¥ =0 we obtain
k
. , (A+iD)g (E—Q)) 1)
Tl E,Q)=Im'S"” A13
B, L1 m% o e e rimelE —o) (
or |
A+iT)3/3Q)g. o E —Q
B,y 1 BTN/ (E—0) ALl

1—(A+iD)gHE —Q)
where

_lhn[gcxp(E Q) ] Jhost(E Q)
kr

=3 |a(k, |%8(E—Q—¢ ) ,

and the real part is determined by the Kramers-Kronig transformation over . In order to do this transformation, we

assumed Jy,,5 (E, Q) =Jp(E — ().
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