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Magnetic behavior of 3d impurities in Cu, Ag, and Au: First-principles calculations
of orbital moments

S. Frota-Pessoˆa*
Instituto de Fı´sica, Universidade de Sa˜o Paulo, Caixa Postal 66318, 05315-970, Sa˜o Paulo, Sa˜o Paulo, Brazil

~Received 31 July 2003; published 2 March 2004!

We perform first-principles calculations to investigate the behavior of orbital moments~OM’s! of 3d impu-
rities in Cu, Ag, and Au. Previous calculations for Fe impurities in Ag and Au indicate that in Ag, where the
d band is located at lower energies, the Fe impurity has a significant OM, while in Au, where the shallowerd
band hybridizes strongly with the Fed levels, the OM is extremely small, practically quenched. One of our
objectives here is to determine whether the OM’s of other 3d impurities in Au are equally suppressed,
indicating the importance of hybridization with the shallowd-band of the host Au, or if they can be signifi-
cantly large. We find that, in spite of the importance of hybridization, the behavior of the OM’s of 3d
impurities in Cu, Ag, and Au is not primarily governed by the position of thed band of the host. For all the
hosts considered here, the OM’s are negative for early 3d impurities and positive for Fe and Co. This behavior,
reminiscent of Hund’s rule, can be understood in terms of the width and the occupation of the virtual bound
states of the up and down bands at the impurity site.

DOI: 10.1103/PhysRevB.69.104401 PACS number~s!: 75.20.Hr, 71.55.Ak
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I. INTRODUCTION

Traditionally it has been assumed that orbital mome
~OM’s! are quenched in metals and that their influence co
be safely neglected when investigating the properties ofd
metals and 3d sites in metallic systems. While Hund’s ru
predicts large OM’s in the atomic configuration, they seem
be drastically reduced by the presence of crystal fields, an
even more important in 3d metallic systems—by hybridiza
tion. But there are exceptions to this rule: recent calculati
indicate that extremely large orbital moments, in excess
2mB , can be present in metals when the hybridization at
site is extremely small, as in the case of some adatoms
Ag~001! surfaces.1,2 Furthermore, lately it has been reco
nized that even relatively small OM’s can play a crucial ro
in the magnetic and hyperfine properties of these syste3

As an example we stress their relevance to understan
magnetic anisotropy, important for technological applic
tions, which has been demonstrated by a variety of exp
ments and calculations.4 It is now clear that, under appropr
ate conditions, orbital moments can be of importance
metals, and therefore should be investigated.

That hybridization plays an important role in reducing t
orbital moments of 3d materials has been clearly demo
strated by time-dependent perturbed angular distribu
~TDPAD! studies of Fe in a large number of hosts across
periodic table.5 Substitutional Fe replaces a host atom~or
enters into a vacancy! and in spite of possible lattice relax
ation, usually occupies a space which is roughly determi
by the volume per atom of the host.6 The experiments show
that in most hosts, the Fe impurity exhibits the usual nega
hyperfine field, which is characteristic of a situation dom
nated by spin magnetism. On the other hand, fors-p hosts
with very large volumes per atom, the hyperfine field of
was found to be positive, indicating that the orbital contrib
tion to the hyperfine fields is probably dominant.7 There is
actually strong evidence that 3d and 4d ions implanted into
0163-1829/2004/69~10!/104401~7!/$22.50 69 1044
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alkali-metal hosts such as K, Cs, and Rb develop an io
type magnetism, with very localized nearly atomicd-shell
configurations.7,8 A typical case is that of Fe in Cs, for whic
large positive hyperfine fields have been measured. We
that the Cs host has a very large volume per atom an
valence of 1, yielding a low electron density of the valen
electrons. The hybridization between thed electrons of Fe
and the Cs host under these conditions is extremely sm
resulting in a nearly atomic configuration for the 3d elec-
trons of Fe, where large orbital moments and correspo
ingly high contributions to the hyperfine field are to be e
pected. Another example of high orbital moments due
these quasiatomic configurations was recently observed
Fe in Cs in thin films9 and confirmed by calculations.10 Re-
cently very high orbital moments were predicted for som
3d and 5d adatoms on Ag~001!.1 This can be explained by
the small coordination number of the sites, leading to sm
hybridization and, as a consequence, to extremely nar
nearly atomicd-band configurations.

Recently Fe impurities in Ag and Au were investigat
using a combination of TDPAD measurements and calcu
tions by two different theoretical approaches.3 Fe in Ag and
Au are interesting systems because, even though the imp
has similar spin moments in the two hosts, their hyperfi
fields differ by about 17 T. It was shown that this differen
arises in large part from orbital contributions,3 which are
significant for Fe in Ag, but close to zero for Fe in Au. He
we note~see Fig. 1! that the hybridization of the Fed states
in the up band with the deepd band of the Ag host is small
being much stronger in the case of the shallowerd bands of
the Au host. The high OM of Fe in Ag has been attributed
this smaller hybridization with the hostd bands, leading to a
greater tendency towards quasiatomic behavior. On the o
hand, the low values of the orbital moment for Fe impuriti
in Au would be a consequence of the much stronger hyb
ization between their 3d states and the hostd band.

Here we use the first-principles real space linear muf
©2004 The American Physical Society01-1
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tin formalism in the atomic sphere approximation11 ~RS-
LMTO-ASA! to investigate the magnetic behavior of 3d im-
purities in Cu, Ag, and Au. The method is based on
well-known LMTO procedure12,13and has been applied wit
success to study crystalline materials, surfaces, multilay
as well as impurities and defects in these systems.11,14One of
the motivations of the present work is to investigate whet
a behavior similar to that of Fe in Au, where the orbit
moment is extremely small, suggesting quenching, sho
also be expected for other 3d impurities in Au. The problem
is especially interesting in view of the nuclear orientati
and NMR experiments for Co impurities in Au, which sho
a very high Knight shift,15 suggesting that the Co impurity i
Au may have rather large orbital moments, in spite of
strong hybridization between thed bands of the impurity and
those of the Au host. The paper is organized as follows
Sec. II, using a simple example, we show how hybridizat
can contribute to the reduction of the orbital moments
brief description of the formalism used here is given in S
III. In Sec. IV we present and discuss the results. Finally
Sec. V, we draw our main conclusions.

II. ORBITAL MOMENT AND VIRTUAL BOUND STATES

In textbooks much is said about crystal fields and orb
quenching, but very little about the role of hybridizatio
probably the dominant effect in the metallic systems cons
ered here. Thed bands of 3d impurities in simple metals are
normally well represented by a virtual bound state,16 typical
of 3d levels broadened by hybridization with the surroun
ing s-p electrons. The local density ofd states~LDOS! at the

FIG. 1. Local density of states of Fe impurities in~a! Ag and~b!
Au hosts. The LDOS of pure~a! Ag and~b! Au are shown in dashed
lines for comparison.
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impurity site is then represented by sharp peaks, chara
ized by a certain width which depends on hybridizatio
When totally occupied, these virtual bound states can con
one electron for eachm, and spin.

To illustrate the concept I show in Fig. 1 the LDOS of F
impurities in Ag @Fig. 1~a!# and in Au @Fig. 1~b!#, obtained
from first principles calculations using the RS-LMTO-AS
approach.3 The LDOS of the corresponding host@Ag in Fig.
1~a! and Au in Fig. 1~b!# is also shown, as dashed lines,
each of the figures. In both cases, the down bands of
higher in energy, do not interact with thed bands of the host,
and have the typical bell-shaped form of a virtual bou
state. In Ag, the hybridization of the 3d states of the impurity
with the 4d band of the host, which is deep and appears
lower energies, is very small. Therefore the 3d states in the
up band of Fe in Ag@see Fig. 1~a!# also exhibit the peak
characteristic of virtual bound states, which in the pres
case, where the hybridization withs-p electrons is also
small, is extremely sharp. The 3d states in the up band of th
Fe impurity in Au, in contrast, hybridize strongly with th
shallow 5d-band of the host, which is located at similar e
ergies. In this case@see Fig. 1~b!# the LDOS exhibits features
and shoulders, losing the bell-shaped form characteristic
virtual bound state.

It is actually easy to see why the hybridization reduces
orbital moment ofd sites in metals and we use a simp
example to illustrate this fact. In this example we consid
3d-impurities in simple metals and assume that, as discus
above, the LDOS of each of thed levels with orbital quan-
tum numbersm,52,1,0,21,22 and spin quantum number
ms51/2,21/2 is well represented by virtual bound states.
make the arguments more transparent, let us focus our a
tion on the hypothetical case of a pair of statesm,51 and
m,521 with spin up,ms51/2, which are to be occupied b
a single electron. We note that, in a cubic system, 3d states
characterized by the same modulus ofm, (m,561 or m,

562) should be degenerate, but the degeneracy is broke
the presence of the spin-orbit couplingaLW •SW . If the wave
function is expressed in a basis of spherical harmonics
diagonal term of the form,zsz will be present in the Hamil-
tonian and the center of these previously degenerate b
will be shifted in different directions in energy, depending
the sign ofm, .12,17 This splitting will normally be further
enhanced if the self-consistent orbital polarization~OP!
scheme proposed by Brooks18 is implemented. For the
spin-up states considered in the example, the eigenvalu
sz will be given by ms51/2 and the eigenstate of,z with
m,521 will have a lower energy than the one associa
with m,51. This is schematically illustrated in Fig. 2 , both
in the absence~left side! and in the presence~right side! of
hybridization. In the absence of hybridization, thed electrons
are placed in well-defined, atomiclike, energy levels: a sin
electron will occupy the level withm,521, which has the
lowest energy. As shown in Fig. 2~left!, the contribution to
the orbital moment coming from these energy levels, giv
by the sum of the product ofm, times the occupation of eac
level, will be 1mB . In Fig. 2 ~right!, the levels were broad
ened into bands by the presence of hybridization, and
1-2
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lowest energy states were filled with a single electron, up
the Fermi level. Now bothm, states have the fractional oc
cupation typical of metals. The contribution to orbital m
ment coming from these two levels is again given by the s
of the products ofm, times the occupation for each of th
levels, here20.2mB , considerably smaller than that of th
atomiclike configuration shown in Fig. 2~left!. As the width
of the band becomes smaller relative to the splitting betw
the levels, the orbital moment increases in magnitude, an
the limit of very sharp virtual bound states, it tends to that
the atomiclike configuration. Here, for clarity, the splitting
the levels relative to the bandwidth was slightly exaggera
leading to differences in occupations of order of 0.2 el
trons. In most cases these differences are smaller, yiel
correspondingly smaller contributions to the orbi
moment.17 The above arguments can be repeated for unfi
down bands, but therems521/2 and the state withm,51
will be lower in energy than that withm,521, and the
resulting orbital moment will be positive. The pair of stat
with quantum numbersm,52 andm,522 with spin indi-
cesms51/2 andms521/2 behave in a similar way, while
the state withm,50 gives no contribution to the orbita
moment. Of course this picture is highly idealized: the ban
corresponding to the levels, after being shifted in differe
directions, may not be rigorously identical and, even in
case of impurities, the shape of the LDOS may differ fro
the simple form expected for a virtual bound state@cf. the up
band of Fig. 1~b!#. But the qualitative behavior is rather we
described: as expected from this simple model, unfilled
bands will usually give negative contributions to the LDO
while the contributions from unfilled down bands will no
mally be positive.

III. THE RS-LMTO-ASA SCHEME

In this section we give a brief outline of the RS-LMTO
ASA scheme used in our calculations. A detailed descript
of the method and its application to impurity systems can
found elsewhere.11 The RS-LMTO-ASA is a first-principles

FIG. 2. Schematic representation illustrating the origin of
orbital momentL in the absence~left side! and in the presence
~right side! of hybridization.
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self-consistent scheme, which follows the steps of
LMTO-ASA formalism, but uses the recursion method19 to
solve the eigenvalue problem directly in real space. As
other first-principles approaches, the exchange and corr
tion terms are treated within the local spin-density appro
mation ~LSDA!. It is a linear method and the solutions a
accurate near a given energyEn , usually taken at the cente
of gravity of the occupied bands. We work in the orthogon
representation of the LMTO-ASA formalism, and expand t
Hamiltonian in terms of tight-binding~TB! parameters, ne-
glecting terms of order (E2En)3 and higher. The orthogona
Hamiltonian can then be written as13

H5En1h̄2h̄ōh̄, ~1!

where

h̄5C̄2En1D̄1/2 S̄ D̄1/2. ~2!

Here h̄ is a Hermitian matrix;C̄, D̄, and ō are potential
parameters of the tight-binding LMTO-ASA representatio
and S̄ is the structure constant in this same representat
The matrixS̄ connecting different sites decays exponentia
with increasing intersite distance andh̄ has a TB form. To
solve the eigenvalue problem in real space we conside
large cluster to simulate the system, and use the recur
method19 with the Beer-Pettifor terminator20 to complete the
recursion chain. We note that the method is rather gene
yields onsite and intersite Greens functions, and may be
ployed to calculate any desired one-electron property.

To evaluate orbital moments we use the scalar-relativi
approach and include the spin-orbit couplingaLW •SW self-
consistently at each variational step.17 In the case of 3d met-
als the results obtained by this approach are generally in v
good agreement with those obtained using the spin-polar
Dirac equation.3,17 We also present results obtained taki
into account OP corrections as suggested by Brooks.17,18 In
this work, the wave function is expanded in a basis of sph
cal harmonics and the effect of the Brooks OP term is ess
tially to shift the center of the up~or down! d band of quan-
tum number m, by 2BLm, , where B is the Racah
parameter andL the total orbital moment associated with th
up ~or down! d band at each site in the metal.17 To obtain the
Racah coefficient we have used the expression for the LM
basis function, in the orthogonal formalism, at the impur
site. BothLs and Bs are recalculated for each spins, at
each iteration, until self-consistency, for both spin and orb
moments at each site, is achieved.

IV. RESULTS AND DISCUSSION

Here we present results for spin and orbital moments
substitutional V, Cr, Mn, Fe, and Co impurities in Cu, A
and Au. The Ni impurity was not included, since prelimina
results indicate that it does not develop a magnetic mom
in these hosts. The RS-LMTO-ASA calculations were p
formed using large fcc clusters of' 9000 atoms, with the
experimental lattice parameters of the corresponding h
Lattice relaxation around the impurity has been neglect
1-3
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This is a good approximation when the volume per atom
the impurity in the metal is comparable to or smaller th
that of the host. Except for V and Cr impurities in Cu, th
condition is always satisfied here. We have considered a
sis with nine orbitals~corresponding tos, p, andd electrons!
per site, for each spin. Since the spin-orbit term mix
spin-up and spin-down electrons, the matrices connecting
sites have dimension 18318. The eigenvalue problem wa
solved in real space by taking 20 levels of recursion a
using the Beer-Pettifor terminator20 to complete the chain
The RS-LMTO-ASA calculations are performed within th
LSDA and here the exchange and correlation potential of
Barth and Hedin21 was used. We have takenh̄ to connect
both first and second neighbors in the fcc structure, but s
the structure constant decays exponentially with distance
interaction with second neighbors is already very small.
note that in the last term of Eq.~1! h̄ is applied twice, there-
fore the HamiltonianH is more extended, connecting up
second neighbors of second neighbors.

The calculations were performed in two ways: with a
without the inclusion of OP. The spin moment is practica
the same in the two cases, but the orbital moment is sig
cantly enhanced when OP is included. This is seen fr
Table I, where results for the orbital moment with~OP! and
without ~No OP! orbital polarization are shown. In the cas
of the OP results I also show, in Table II, the separ
d-spin-up andd-spin-down contributions to the orbital mo
ment. To the best of my knowledge, no systematic study
the behavior of the orbital moments in Cu, Ag, and Au
available. But in the case of Fe and Co impurities in Ag so
isolated values, obtained using the Korringa-Kohn-Rosto
~KKR! formalism2 and the LMTO approach in a
supercell,10,22 are given in the literature. Our OP result
0.68mB for the orbital moment of Fe in Ag is in good agre
ment with the values of 0.60mB ,22 0.68mB ,10 and 0.80mB
~Ref. 2! given in the literature. For Co impurities in Ag, th
OP results show a similar tendency, but the discrepancies
larger. We find an orbital moment of 1.4mB , while the full
potential LMTO approach gives 1.5mB ~Ref. 22! and KKR
calculations yield 1.7mB .2 In the absence of OP, the magn
tude of the OM’s is much smaller and all approaches yi
similar values. We note that discrepancies in the quantita
values of orbital moments are not uncommon in the lite
ture, as evidenced by the recent calculations for Fe,

TABLE I. Results~in mB) for the orbital moments of V, Cr, Mn,
Fe, and Co impurities in Cu, Ag, and Au hosts. Values obtained w
~Yes! and without~No! the inclusion of orbital polarization~OP! are
shown in each case.

Host OP V Cr Mn Fe Co

Cu No 20.023 20.029 0.005 0.092 0.109
Yes 20.039 20.037 0.008 0.206 0.274

Ag No 20.050 20.037 20.005 0.134 0.267
Yes 20.096 20.041 20.005 0.680 1.40

Au No 20.052 20.069 20.033 0.008 0.228
Yes 20.095 20.083 20.034 0.067 1.11
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and Ni adatoms on Ag~001!, published by different groups
using different approaches within the KKR formalism.1,23

In Fig. 3, to better visualize the trends, I plot the resu
for spin@Fig. 3~a!# and orbital@Fig. 3~b!# contributions to the
magnetic moments of 3d impurities in Cu ~triangles!, Ag
~squares!, and Au~circles! hosts, in the presence of OP. As
usually the case, the spin moments were not affected by
inclusion of orbital polarization and are practically the sam
with and without OP. The spin moments of 3d impurities in
Ag and Au are close in magnitude, since both hosts hav
similar ‘‘size,’’ as measured by their Wigner-Seitz~WS! ra-
dii. As expected, moments are lower in Cu, which has
smaller WS radius, leading to a larger hybridization betwe
the 3d levels of the impurity and the host. It is clear from
Fig. 3~b! that, for all the hosts considered here, the ea
transition-metal impurities~here V and Cr! have a negative
orbital moment~antiparallel to the spin moment!, while the
late ones~here Fe and Co!, have positive ones. The sign o
the orbital moment changes around Mn, which has an orb
moment close to zero and, depending on the host, can
either positive or negative. This behavior is a remnant
Hund’s rule, in the sense that it also predicts antipara
alignment between orbital and spin moments in early tran
tion metals and parallel alignment for late transition meta

The trends obeyed by the orbital moments of 3d impuri-
ties in Cu, Ag, and Au can be can qualitatively understood
terms of virtual bound states if we remember that, due to
diagonal term inL•S, the center of the bands with negativ
m, tends to lie lower in energy in the case of up ban
leading to a higher occupation of virtual bound states w
negativem, and therefore to negative contributions to t
orbital moment. The opposite is true for down bands, wh
contributions to the orbital moment tend to be positive. Ev
though some exceptions are found when the moments h
small magnitudes, this is in general confirmed by the sign
calculatedd-up andd-down contributions of Table II. One
expects that the shifts in the centers of thed bands associated
with different quantum numbersm, will lead to greater
charge redistribution among the bands, and therefore hig
contributions to the orbital moment, when the density
states at the Fermi level is high. Remembering that the

h
TABLE II. Calculated orbital moments~in mB) for V, Cr, Mn,

Fe, and Co impurities in Cu, Ag, and Au hosts, including orbi
polarization ~OP!. The separate contributions of up (d-up! and
down (d-dw! d-bands at the impurity sites are also shown in ea
case.

Host Band V Cr Mn Fe Co

Cu d-up 20.055 20.044 20.012 20.011 0.032
d-dw 0.016 0.008 0.021 0.217 0.306
Total 20.039 20.037 0.008 0.206 0.274

Ag d-up 20.096 20.041 20.007 20.008 0.015
d-dw 20.000 0.000 0.003 0.688 1.42
Total 20.096 20.041 20.005 0.680 1.40

Au d-up 20.095 20.088 20.020 20.018 20.034
d-dw 20.000 0.006 20.014 0.085 1.15
Total 20.095 20.082 20.034 0.067 1.11
1-4
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MAGNETIC BEHAVIOR OF 3d IMPURITIES IN Cu, . . . PHYSICAL REVIEW B 69, 104401 ~2004!
band leads to positive contributions and the down band
negative, the magnitude of the orbital moment should
roughly proportional to the difference in LDOS at the Fer
level between the down and the up band. This rule has a
ally been suggested by Ebert25 as a means of estimating th
magnitude of the orbital moment, and it works quite well

In the case of a virtual bound state, the density of state
the Fermi level is governed by two factors: the hybridizatio
which regulates the bandwidth, and the occupation. The
or down LDOS at the Fermi level will be high if the virtua
bound state associated with the correspondingd level is
sharp~low hybridization with the host! and the band is close
to half occupied~around 2.5 electrons!, placing the Fermi
level near the maximum of the virtual bound state peak. V
high and very low band occupations lead to low values of
density of states at the Fermi level, and low contributions
the orbital moment. Regarding the bandwidth, one can
that in general the virtual bound states of 3d impurities in Ag
and Au are expected to be sharper than those of impuritie
Cu, for which a stronger hybridization between the impur
levels and the host is present. Also, because their 3d levels
are more extended, the bandwidths of the virtual bou
states are usually larger for V and Cr impurities than for
and Co impurities, which tend to exhibit sharper bou
states. In Table III, calculated values for the up (d-up! and
down (d-dw! d occupations of 3d impurities in Cu, Ag, and

FIG. 3. Calculated~a! spin and~b! orbital contributions to the
magnetic moment of 3d impurities in Cu, Ag, and Au hosts. Orbita
polarization~OP! has been included.
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Au in the presence of OP are given. Bands close to half
~occupations between 1.5 and 2.5 electrons! are highlighted,
by showing their occupation numbers in boldface. If o
compares the up and down contributions to the orbital m
ment in Table II with the corresponding occupations given
Table III, a clear correlation is seen: very high~between 3.5
and 5! and very low~between 0 and 1.5! band occupations
lead to low values of the density of states at the Fermi lev
and low contributions to the orbital moment, while for occ
pations between 1.5 and 3.5~boldface in Table III! the value
of the orbital moments tends to be significant. The ea
transition metals like V tend to have a partially occupied
band ~the contribution to the orbital moment is large an
negative! and a down band which is almost empty~with
negligible contributions!, resulting in a negative value of or
bital moment. For Cr and Mn sites with strong spin m
ments, the up band tends to be almost full, while the do
band tends to be almost empty, yielding the small orb
moments calculated for these sites. Finally, in the case o
and Co, the up band is almost full, giving small contributio
while the down band is partially filled, yielding large positiv
contributions to the orbital moments.

We note that even though trends are well explained
this simple virtual bound state model, deviations can occ
mainly for two reasons:~i! the rigid band approach, which
assumes that the LDOS is just shifted in energy while ke
ing the same shape, is oversimplified;~ii ! as was seen for the
up band of Fe in Au@Fig. 1~b!#, hybridization with thed
bands of the host can significantly change the shape of
LDOS from a clear-cut peak, observed in simple metals, t
more complicated structure with valleys, shoulders, e
These deviations can determine the quantitative behavio
the orbital moment, including the point along thed series at
which the orbital moment changes from positive to negat
in the different hosts. This should be kept in mind wh
analyzing the results.

Now we address the question of the low orbital mome
of Fe in Au, when compared to that of Fe in Ag. The resu
indicate that hybridization with the 5d band of the host, even
though important, is not the main reason for the quenching
the orbital moment of Fe impurities in Au. This is clear
seen by analyzing the LDOS shown in Fig. 1 in conjuncti
with the values of up and down contributions to the orbi
moment shown in Table II. The orbital moments for Fe im
purities ~see Table II! are strongly dominated by the dow

TABLE III. Calculatedd occupations for up and down bands
3d impurities in Cu, Ag, and Au. Bands close to half filled, havin
between 1.5 and 3.5 electrons, have their occupations highlighte
bold face numbers.

Host Band V Cr Mn Fe Co

Cu d-up 2.18 3.72 4.45 4.57 4.38
d-dw 1.22 0.74 0.98 1.94 3.27

Ag d-up 3.09 4.23 4.75 4.77 4.71
d-dw 0.45 0.36 0.70 1.83 3.08

Au d-up 2.90 4.11 4.75 4.78 4.69
d-dw 0.65 0.50 0.75 1.83 3.11
1-5
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spin contributions. But it is clear from Fig. 1 that the dow
states, being higher in energy, are not significantly affec
by hybridization with thed states of the host, which unde
these conditions cannot be directly responsible for the
orbital moment of Fe in Au. The low orbital moment ob
tained for Fe in Au is simply due to the fact that, when goi
from negative to positive values across the 3d series, the
orbital moment in Au seems to pass through zero close
Fe, while for Ag the crossing is earlier, near Mn. We shou
note that the position where the orbital moment crosses f
positive to negative along the 3d series depends on the d
tails of hybridization with the host, and in this sense, t
hybridization with the hostd bands do in this indirect way
influence the results.

It is clear from the above results that the orbital mome
of 3d impurities in Au are not, in general, quenched by h
bridization with the shallowd band of the host. The trend
obeyed by the orbital moments are actually similar in Ag a
Au, as can be seen from Fig. 3. In the case of Co in Au
large calculated orbital moment~of around 1.1mB) was ob-
tained in the presence of OP, yielding an orbital to spin m
ment ratio of 0.7. A lower, but still surprisingly high, orbita
to spin ratio of about 0.34 has been recently observed exp
mentally for Co in Au using the x-ray magnetic circular d
chroism ~XMCD! technique, evidencing beyond any dou
that the moment of 3d impurities in Au is not, in general
quenched.24 This measured value of the orbital to spin ra
is much larger than the one calculated in the absence of
and supports the notion that the inclusion of OP is neces
to explain the experimental data, but that it tends to ove
timate the magnitude of the orbital moment. We note t
recently a 50% reduced Racah parame
has been used in OP calculations, to reduce OP orb
moments, and better describe the experimental beha
of Co atoms and nanoparticles in Pt~111!.26 In this context
we should comment on the recent TDPAD experime
determining the hyperfine field,3 which point to an orbital
moment of the order of 0.35mB for Fe in Ag, and to small
orbital moments, close to zero, for Fe in Au. For Fe
Au, the calculated orbital moments are also small, in go
agreement with experiment. But for Fe in Ag, the pres
calculations give values of 0.13mB and 0.68mB for the
orbital moment, with and without orbital polarization
respectively, and again the experimental value is be
represented if an average between the values with and w
out OP is taken.

V. CONCLUSIONS

In this work, we have used the RS-LMTO-ASA forma
ism to investigate the OM’s of 3d impurities in Cu, Ag, and
Au. The orbital moment was obtained both with and witho
inclusion of orbital polarization, which when included si
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nificantly increases its magnitude. The spin moments ofd
impurities were found to be similar in Ag and Au but lowe
in Cu, where due to the smaller size of the host, the hyb
ization is stronger. The orbital moments show similar tren
in all three hosts, being negative for early transition met
and positive for Fe and Co in all hosts. This behavior can
understood in terms of a simple model based on virt
bound states.

Our results show that the orbital moments of 3d impuri-
ties in Au are not, in general, quenched by hybridization w
the shallow 5d band of the host. This is in accordance wi
nuclear orientation and NMR measurements which sugg
that Co in Au should exhibit a significant orbital moment15

In our calculations, a very large orbital moment and a cor
spondingly large orbital to spin moment ratio is obtain
for Co in Au, both with and without inclusion of orbita
polarization. Recent XMCD measurements point to an
perimental ratio lying between these two values. Orbital m
ments inferred from TDPAD measurements of the hyperfi
field of Fe in Ag are also better represented by an aver
between calculated values with and without the inclusion
OP, again suggesting that the inclusion of OP is necessa
explain orbital moments, but tends to overestimate th
magnitudes.

Finally, we find that the behavior of the orbital moment
3d impurities in Cu, Ag, and Au contains a remnant
Hund’s rule, in the sense that it also predicts antipara
alignment between orbital and spin moments in early tran
tion metals and parallel alignment for late transition meta
Recent XMCD measurements for 3d impurities in Au con-
firm these trends.24 A similar behavior was also found fo
orbital moments of 3d adatoms in Ag~001!, where thed
levels are also broadened into virtual bound states.1 There,
due to the incomplete coordination of adatoms, the hyb
ization with the host is smaller, leading to very sharp virtu
bound states and large magnitudes for orbital mome
which can be, in some cases, close to those given by Hu
rules in the corresponding atoms.
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