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Magnetic behavior of 3d impurities in Cu, Ag, and Au: First-principles calculations
of orbital moments
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We perform first-principles calculations to investigate the behavior of orbital mon@Ms) 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 shallower
band hybridizes strongly with the Fklevels, the OM is extremely small, practically quenched. One of our
objectives here is to determine whether the OM’'s of othdri@purities in Au are equally suppressed,
indicating the importance of hybridization with the shallowand 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'dof 3
impurities in Cu, Ag, and Au is not primarily governed by the position of dhgand of the host. For all the
hosts considered here, the OM’s are negative for eatlin®urities 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 nuntder75.20.Hr, 71.55.Ak

[. INTRODUCTION alkali-metal hosts such as K, Cs, and Rb develop an ionic-
type magnetism, with very localized nearly atonteshell
Traditionally it has been assumed that orbital momentsonfigurations:® A typical case is that of Fe in Cs, for which
(OM’s) are quenched in metals and that their influence couldarge positive hyperfine fields have been measured. We note
be safely neglected when investigating the propertiesdf 3 that the Cs host has a very large volume per atom and a
metals and @ sites in metallic systems. While Hund'’s rule valence of 1, yielding a low electron density of the valence
predicts large OM’s in the atomic configuration, they seem taelectrons. The hybridization between tHeelectrons of Fe
be drastically reduced by the presence of crystal fields, and-and the Cs host under these conditions is extremely small,
even more important in @ metallic systems—by hybridiza- resulting in a nearly atomic configuration for thel &lec-
tion. But there are exceptions to this rule: recent calculationsrons of Fe, where large orbital moments and correspond-
indicate that extremely large orbital moments, in excess oingly high contributions to the hyperfine field are to be ex-
2ug, can be present in metals when the hybridization at thgpected. Another example of high orbital moments due to
site is extremely small, as in the case of some adatoms difiese quasiatomic configurations was recently observed for
Ag(001) surfaces-? Furthermore, lately it has been recog- Fe in Cs in thin film& and confirmed by calculatiort§.Re-
nized that even relatively small OM’s can play a crucial rolecently very high orbital moments were predicted for some
in the magnetic and hyperfine properties of these systems3d and 5 adatoms on A@01).! This can be explained by
As an example we stress their relevance to understandiritpe small coordination number of the sites, leading to small
magnetic anisotropy, important for technological applica-hybridization and, as a consequence, to extremely narrow,
tions, which has been demonstrated by a variety of experinearly atomicd-band configurations.

ments and calculatiorfslt is now clear that, under appropri- Recently Fe impurities in Ag and Au were investigated
ate conditions, orbital moments can be of importance irusing a combination of TDPAD measurements and calcula-
metals, and therefore should be investigated. tions by two different theoretical approachieBe in Ag and

That hybridization plays an important role in reducing the Au are interesting systems because, even though the impurity
orbital moments of @ materials has been clearly demon- has similar spin moments in the two hosts, their hyperfine
strated by time-dependent perturbed angular distributiofields differ by about 17 T. It was shown that this difference
(TDPAD) studies of Fe in a large number of hosts across tharises in large part from orbital contributiohsyhich are
periodic table. Substitutional Fe replaces a host atéar  significant for Fe in Ag, but close to zero for Fe in Au. Here
enters into a vacangyand in spite of possible lattice relax- we note(see Fig. 1 that the hybridization of the Fé states
ation, usually occupies a space which is roughly determineth the up band with the deegpband of the Ag host is small,
by the volume per atom of the hdsThe experiments show being much stronger in the case of the shallodéands of
that in most hosts, the Fe impurity exhibits the usual negativéhe Au host. The high OM of Fe in Ag has been attributed to
hyperfine field, which is characteristic of a situation domi-this smaller hybridization with the hodtbands, leading to a
nated by spin magnetism. On the other hand,sfgr hosts  greater tendency towards quasiatomic behavior. On the other
with very large volumes per atom, the hyperfine field of Fehand, the low values of the orbital moment for Fe impurities
was found to be positive, indicating that the orbital contribu-in Au would be a consequence of the much stronger hybrid-
tion to the hyperfine fields is probably domindrthere is ization between their @ states and the hostband.
actually strong evidence thatd3and 4 ions implanted into Here we use the first-principles real space linear muffin-
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impurity site is then represented by sharp peaks, character-
(@) ized by a certain width which depends on hybridization.
When totally occupied, these virtual bound states can contain
one electron for eac, and spin.

To illustrate the concept | show in Fig. 1 the LDOS of Fe
1004 impurities in Ag[Fig. 1(@)] and in Au[Fig. 1(b)], obtained
from first principles calculations using the RS-LMTO-ASA
approach. The LDOS of the corresponding hd#tg in Fig.

1(a) and Au in Fig. 1b)] is also shown, as dashed lines, in
each of the figures. In both cases, the down bands of Fe,
higher in energy, do not interact with tldebands of the host,
and have the typical bell-shaped form of a virtual bound
state. In Ag, the hybridization of thed3states of the impurity
with the 4d band of the host, which is deep and appears at
lower energies, is very small. Therefore theé Sates in the

up band of Fe in Agsee Fig. 18)] also exhibit the peak
characteristic of virtual bound states, which in the present
case, where the hybridization with-p electrons is also
small, is extremely sharp. ThedJtates in the up band of the
Fe impurity in Au, in contrast, hybridize strongly with the
shallow 5-band of the host, which is located at similar en-
ergies. In this casksee Fig. 1b)] the LDOS exhibits features
E-E. (Ry) and shoulders, losing the bell-shaped form characteristic of a
virtual bound state.

It is actually easy to see why the hybridization reduces the
orbital moment ofd sites in metals and we use a simple
example to illustrate this fact. In this example we consider
3d-impurities in simple metals and assume that, as discussed

E&.{%ﬂii?g?mt/z;iagg"tzesr%r;erﬁegfzfﬁ;\?i?:%ﬂgi above, the LDOS of each of tretlevels with orbital quan-
9 9 tum numberam,=2,1,0,-1,—2 and spin quantum numbers

urities in Cu, Ag, and Au. The method is based on the . .
\I?vell-known LMTOg orocedur?3and has been applied with ms=1/2,—1/2 is well represented by virtual bound states. To

. . . make the arguments more transparent, let us focus our atten-
success to study crystalline materials, surfaces, multilayer

as well as impurities and defects in these syst&ni$One of iorlo_nltf\ll\itﬁ );p?:]hf t|(r::l_c T/Sze \(,)Jh?:;r? 2':;2%2‘2@1 iirc]idb
the motivations of the present work is to investigate whether ¢ . pin Up.ms=1/z, P y

a behavior similar to that of Fe in Au, where the orbital a single electron. We note that, in a cubic systeuh,states

- ; : haracterized by the same modulusnof (m,==*=1 orm,
ggom 32teIxSpSc):(:(;?jr?::yotirggg’mi)%?giiss“;gAﬂH?rr;(;h;)r;cg)blgrfuI(i *+2) should be degenerate, but the de»geaneracy is broken in
is especially interesting in view of the nuclear orientationthe presence of the spin-orbit couplind.-S. If the wave
and NMR experiments for Co impurities in Au, which show function is expressed in a basis of spherical harmonics, a
a very high Knight shift® suggesting that the Co impurity in dlagonal term of the fornt ,s, will be present in the Hamil-
Au may have rather large orbital moments, in spite of thefonian and the center of these previously degenerate bands
strong hybridization between tiigbands of the impurity and Wil be shifted in different directions in energy, depending on
those of the Au host. The paper is organized as follows: irfhe sign ofm,.*#*" This splitting will normally be further
Sec. Il, using a simple example, we show how hybridizationenhanced if the self-consistent orbital polarizatic@P)
can contribute to the reduction of the orbital moments. Ascheme proposed by BrodRsis implemented. For the
brief description of the formalism used here is given in SecSPin-up states considered in the example, the eigenvalue of
lIl. In Sec. IV we present and discuss the results. Finally, inS; Will be given by ms=1/2 and the eigenstate &f, with

LDOS(states/Ry-spin)

LDOS (states/Ry-spin)

06 -04 02 00 02

FIG. 1. Local density of states of Fe impurities(a Ag and(b)
Au hosts. The LDOS of pur&) Ag and(b) Au are shown in dashed
lines for comparison.

Sec. V, we draw our main conclusions. me=— 1 will have a lower energy than the one associated
with m,=1. This is schematically illustrated in Fig , both
Il. ORBITAL MOMENT AND VIRTUAL BOUND STATES in the absencéleft side and in the presencgight side of

hybridization. In the absence of hybridization, thelectrons
In textbooks much is said about crystal fields and orbitalare placed in well-defined, atomiclike, energy levels: a single
qguenching, but very little about the role of hybridization, electron will occupy the level witlm,= —1, which has the
probably the dominant effect in the metallic systems considiowest energy. As shown in Fig. @eft), the contribution to
ered here. Thd bands of 3 impurities in simple metals are the orbital moment coming from these energy levels, given
normally well represented by a virtual bound stftéypical by the sum of the product oh, times the occupation of each
of 3d levels broadened by hybridization with the surround-level, will be 1ug. In Fig. 2 (right), the levels were broad-
ing s-p electrons. The local density dfstategLDOS) atthe  ened into bands by the presence of hybridization, and the
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self-consistent scheme, which follows the steps of the

Schematic representation: LMTO-ASA formalism, but uses the recursion methdtb
Energy levels Energy bands solve the eigenvalue problem directly in real space. As in
A other first-principles approaches, the exchange and correla-

tion terms are treated within the local spin-density approxi-
mation (LSDA). It is a linear method and the solutions are
accurate near a given enerfy, usually taken at the center
of gravity of the occupied bands. We work in the orthogonal
representation of the LMTO-ASA formalism, and expand the
Hamiltonian in terms of tight-bindingTB) parameters, ne-
glecting terms of order—E,)® and higher. The orthogonal
Hamiltonian can then be written Hs

H=E,+h—hoh, 1)
L=-1.0+0.0= -1.0 L=-06+04=-0.2
where
FIG. 2. Schematic representation illustrating the origin of the h= E_EV+K1/2 S A2 2)
orbital momentL in the absencéleft side and in the presence
(right side of hybridization. Here h is a Hermitian matrix;C, A, and o are potential

parameters of the tight-binding LMTO-ASA representation;
And'S is the structure constant in this same representation.

the Fermi level. Now botn, states have the fractional oc- Th S ing diff ites d il
cupation typical of metals. The contribution to orbital mo- 'e matrixs connecting difterent sites decays exponentially

ment coming from these two levels is again given by the sunwith increasing intersite distance ahdhas a TB form. To

of the products ofn, times the occupation for each of the Solve the eigenvalue problem in real space we consider a
levels, here—0.2ug, considerably smaller than that of the large cluster to simulate the system, and use the recursion
atomiclike configuration shown in Fig. @ft). As the width  method® with the Beer-Pettifor terminatttto complete the

of the band becomes smaller relative to the splitting betweeffcursion chain. We note that the method is rather general,
the levels, the orbital moment increases in magnitude, and iMields onsite and intersite Greens functions, and may be em-
the limit of very sharp virtual bound states, it tends to that ofPloyed to calculate any desired one-electron property.

the atomiclike configuration. Here, for clarity, the splitting of ~ T0 evaluate orbital moments we use the scalar-relativistic
the levels relative to the bandwidth was slightly exaggeratedapproach and include the spin-orbit couplind. - S self-
leading to differences in occupations of order of 0.2 elec-consistently at each variational st&in the case of @ met-
trons. In most cases these differences are smaller, yieldingls the results obtained by this approach are generally in very
correspondingly smaller contributions to the orbital good agreement with those obtained using the spin-polarized
moment!’ The above arguments can be repeated for unfilledirac equatior’:*” We also present results obtained taking
down bands, but thermy=—1/2 and the state witm,=1 into account OP corrections as suggested by Brooksin

will be lower in energy than that wittm,=—1, and the this work, the wave function is expanded in a basis of spheri-
resulting orbital moment will be positive. The pair of statescal harmonics and the effect of the Brooks OP term is essen-
with quantum numbers,=2 andm,= —2 with spin indi- tially to shift the center of the ugor down d band of quan-
cesmg=1/2 andm,= —1/2 behave in a similar way, while tum numberm, by —BLm,, where B is the Racah
the state withm,=0 gives no contribution to the orbital parameter and the total orbital moment associated with the
moment. Of course this picture is highly idealized: the bandsip (or down d band at each site in the metdITo obtain the
corresponding to the levels, after being shifted in differentRacah coefficient we have used the expression for the LMTO
directions, may not be rigorously identical and, even in thebasis function, in the orthogonal formalism, at the impurity
case of impurities, the shape of the LDOS may differ fromsite. BothL, and B, are recalculated for each spin at

the simple form expected for a virtual bound stiaif the up  each iteration, until self-consistency, for both spin and orbital
band of Fig. 1b)]. But the qualitative behavior is rather well moments at each site, is achieved.

described: as expected from this simple model, unfilled up

lowest energy states were filled with a single electron, up t

bar_1ds will usua}lly give negative _contributions to the_LDOS, IV. RESULTS AND DISCUSSION
while the contributions from unfilled down bands will nor- . .
mally be positive. Here we present results for spin and orbital moments of

substitutional V, Cr, Mn, Fe, and Co impurities in Cu, Ag,

and Au. The Ni impurity was not included, since preliminary

results indicate that it does not develop a magnetic moment
In this section we give a brief outline of the RS-LMTO- in these hosts. The RS-LMTO-ASA calculations were per-

ASA scheme used in our calculations. A detailed descriptioformed using large fcc clusters ef 9000 atoms, with the

of the method and its application to impurity systems can bexperimental lattice parameters of the corresponding host.

found elsewheré! The RS-LMTO-ASA is a first-principles, Lattice relaxation around the impurity has been neglected.

Ill. THE RS-LMTO-ASA SCHEME
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TABLE I. Results(in ug) for the orbital moments of V, Cr, Mn, TABLE II. Calculated orbital momentén ug) for V, Cr, Mn,
Fe, and Co impurities in Cu, Ag, and Au hosts. Values obtained withFe, and Co impurities in Cu, Ag, and Au hosts, including orbital
(Yes) and without(No) the inclusion of orbital polarizatiofOP) are  polarization (OP). The separate contributions of uml-(p) and

shown in each case. down (d-dw) d-bands at the impurity sites are also shown in each
case.
Host OoP \Y Cr Mn Fe Co
Host Band \% Cr Mn Fe Co
Cu No —0.023 —0.029 0.005 0.092 0.109
Yes —0.039 —0.037 0.008 0.206 0.274 Cu dup —0.055 -0.044 -0.012 —-0.011 0.032
Ag No —-0.050 -0.037 -—0.005 0.134 0.267 d-dw 0.016 0.008 0.021 0.217 0.306
Yes —0.096 -0.041 -0.005 0.680 1.40 Total —0.039 —0.037 0.008 0.206 0.274
Au No —-0.052 -0.069 -0.033 0.008 0.228 Ag dup -—0.096 —0.041 —-0.007 —0.008 0.015
Yes —0.095 -0.083 -0.034 0.067 1.11 d-dw —0.000 0.000 0.003 0.688 1.42

Total —0.096 —0.041 —0.005 0.680 1.40
Au dup —0.095 —0.088 —0.020 —0.018 -0.034

This is a good approximation when the volume per atom of ddw —0.000 0006 -0.014 0.085 115
the impurity in the metal is comparable to or smaller than Total —0.095 —0.082 —0.034 0.067 111
that of the host. Except for V and Cr impurities in Cu, this

condition is always satisfied here. We have considered a baa'nd Ni adatoms on A@01), published by different groups
sis Wit.h nine orbitals{co_rresp_onding s, p, andd_electrons;_ using different approaches’ within the KKR formaligrt.

per site, . gach spin. Since the spmjorblt term mixes -, Fig. 3, to better visualize the trends, | plot the results
spin-up and §p|n—d9wn electrons, the matrices connecting thﬁ)r spin[Fig. 3(@] and orbitalFig. 3(b)] contributions to the
sites have dimension ¥818. The eigenvalue problem was agnetic moments of & impurities in Cu (triangles, Ag
solved in real space by taking 20 levels of recursion ancgquare; and Au(circles hosts, in the presence of O’P. As is

using the Beer-Pettifor terminat3rto complete the chain. :
. o usually the case, the spin moments were not affected by the
The RS-LMTO-ASA calculations are performed within the inclusion of orbital polarization and are practically the same

LSDA and here the exchange and correlation potential of VO it and without OP. The spin moments off ampurities in

Barth and Hedifi was used. We have takdnto connect  ag and Au are close in magnitude, since both hosts have a
both first and second neighbors in the fcc structure, but sincgimilar “size,” as measured by their Wigner-Seit?vS) ra-
the structure constant decays exponentially with distance, thgij. as expected, moments are lower in Cu, which has a
interaction with second neighbors is already very small. Wesmaller WS radius, leading to a larger hybridization between
note that in the last term of E4L) h is applied twice, there- the 3d levels of the impurity and the host. It is clear from
fore the HamiltoniarH is more extended, connecting up to Fig. 3(b) that, for all the hosts considered here, the early
second neighbors of second neighbors. transition-metal impuritieghere V and Cr have a negative
The calculations were performed in two ways: with andorbital moment(antiparallel to the spin momentwhile the
without the inclusion of OP. The spin moment is practically late ones(here Fe and Op have positive ones. The sign of
the same in the two cases, but the orbital moment is signifithe orbital moment changes around Mn, which has an orbital
cantly enhanced when OP is included. This is seen fronmoment close to zero and, depending on the host, can be
Table |, where results for the orbital moment withP) and  either positive or negative. This behavior is a remnant of
without (No OP orbital polarization are shown. In the case Hund's rule, in the sense that it also predicts antiparallel
of the OP results | also show, in Table Il, the separatealignment between orbital and spin moments in early transi-
d-spin-up andd-spin-down contributions to the orbital mo- tion metals and parallel alignment for late transition metals.
ment. To the best of my knowledge, no systematic study of The trends obeyed by the orbital moments df ignpuri-
the behavior of the orbital moments in Cu, Ag, and Au isties in Cu, Ag, and Au can be can qualitatively understood in
available. But in the case of Fe and Co impurities in Ag someerms of virtual bound states if we remember that, due to the
isolated values, obtained using the Korringa-Kohn-Rostoketliagonal term irL- S, the center of the bands with negative
(KKR) formalisn? and the LMTO approach in a m, tends to lie lower in energy in the case of up bands,
supercelf,®?? are given in the literature. Our OP result of |eading to a higher occupation of virtual bound states with
0.68ug for the orbital moment of Fe in Ag is in good agree- negativem, and therefore to negative contributions to the
ment with the values of 0.605,% 0.68ug,' and 0.8,z orbital moment. The opposite is true for down bands, where
(Ref. 2 given in the literature. For Co impurities in Ag, the contributions to the orbital moment tend to be positive. Even
OP results show a similar tendency, but the discrepancies ateough some exceptions are found when the moments have
larger. We find an orbital moment of Ju4, while the full  small magnitudes, this is in general confirmed by the signs of
potential LMTO approach gives 1uy (Ref. 22 and KKR  calculatedd-up andd-down contributions of Table Il. One
calculations yield 1.%g .2 In the absence of OP, the magni- expects that the shifts in the centers of theands associated
tude of the OM’s is much smaller and all approaches yieldwith different quantum numbersn, will lead to greater
similar values. We note that discrepancies in the quantitativeharge redistribution among the bands, and therefore higher
values of orbital moments are not uncommon in the litera-contributions to the orbital moment, when the density of
ture, as evidenced by the recent calculations for Fe, Castates at the Fermi level is high. Remembering that the up
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5 - TABLE llI. Calculatedd occupations for up and down bands of
Spin Moment (IJB) 3d impurities in Cu, Ag, and Au. Bands close to half filled, having
between 1.5 and 3.5 electrons, have their occupations highlighted in
4 o
T 8/6\ bold face numbers.
3] D/A/xﬁ Host Band \Y, Cr Mn Fe Co
0O A Cu d-up 2.18 3.72 4.45 4.57 4.38
2 d-dw 1.22 0.74 098 194 3.27
Ag d-up 3.09 4.23 4.75 4.77 4.71
A —A—Cu n d-dw 0.45 0.36 0.70 1.83 3.08
s ——Ag Au d-up 2.90 411 4.75 4.78 4.69
—O0— An (a) d-dw 0.65 0.50 0.75 1.83 3.11
0

V Ccr Mn Fe Co _ _
Au in the presence of OP are given. Bands close to half full

1.6{QOP Orbital Moment (1) (occupations between 1.5 and 2.5 electjare highlighted,
O by showing their occupation numbers in boldface. If one
12 —2—Cu compares the up and down contributions to the orbital mo-
——Ag ®) ment in Table Il with the corresponding occupations given in
—O—Au Table Ill, a clear correlation is seen: very higtetween 3.5
0.8- and 5 and very low(between 0 and 1)Sand occupations
| lead to low values of the density of states at the Fermi level,
and low contributions to the orbital moment, while for occu-
0.4 pations between 1.5 and 3boldface in Table Il the value
A of the orbital moments tends to be significant. The early
0.0- L0 transition metals like V tend to have a partially occupied up
: 6:6@63 (b) band (the contribution to the orbital moment is large and
' ' ' y ) negative and a down band which is almost empiyith
V G Mn Fe Co negligible contributions resulting in a negative value of or-

FIG. 3. Calculateda) spin and(b) orbital contributions to the bital moment. For Cr and Mn sites with strong spin mo-
magnetic moment of@impurities in Cu, Ag, and Au hosts. Orbital Ments, the up band tends to be almost full, while the down

polarization(OP) has been included. band tends to be almost empty, yielding the small orbital
moments calculated for these sites. Finally, in the case of Fe

band leads to positive contributions and the down band t@nd Co, the up band is almost full, giving small contribution,
negative, the magnitude of the orbital moment should bewvhile the down band is partially filled, yielding large positive
roughly proportional to the difference in LDOS at the Fermi contributions to the orbital moments.
level between the down and the up band. This rule has actu- We note that even though trends are well explained by
ally been suggested by Eb@rais a means of estimating the this simple virtual bound state model, deviations can occur,
magnitude of the orbital moment, and it works quite well. mainly for two reasons(i) the rigid band approach, which

In the case of a virtual bound state, the density of states atssumes that the LDOS is just shifted in energy while keep-
the Fermi level is governed by two factors: the hybridization,ing the same shape, is oversimplifiédl) as was seen for the
which regulates the bandwidth, and the occupation. The upp band of Fe in AUFig. 1(b)], hybridization with thed
or down LDOS at the Fermi level will be high if the virtual bands of the host can significantly change the shape of the
bound state associated with the correspondingevel is  LDOS from a clear-cut peak, observed in simple metals, to a
sharp(low hybridization with the hostand the band is close more complicated structure with valleys, shoulders, etc.
to half occupied(around 2.5 electronsplacing the Fermi These deviations can determine the quantitative behavior of
level near the maximum of the virtual bound state peak. Verthe orbital moment, including the point along teseries at
high and very low band occupations lead to low values of thavhich the orbital moment changes from positive to negative
density of states at the Fermi level, and low contributions tdn the different hosts. This should be kept in mind when
the orbital moment. Regarding the bandwidth, one can sagnalyzing the results.
that in general the virtual bound states af Bnpurities in Ag Now we address the question of the low orbital moment
and Au are expected to be sharper than those of impurities iof Fe in Au, when compared to that of Fe in Ag. The results
Cu, for which a stronger hybridization between the impurityindicate that hybridization with thedbband of the host, even
levels and the host is present. Also, because theiiteSels  though important, is not the main reason for the quenching of
are more extended, the bandwidths of the virtual boundhe orbital moment of Fe impurities in Au. This is clearly
states are usually larger for V and Cr impurities than for Feseen by analyzing the LDOS shown in Fig. 1 in conjunction
and Co impurities, which tend to exhibit sharper boundwith the values of up and down contributions to the orbital
states. In Table I, calculated values for the upup) and moment shown in Table II. The orbital moments for Fe im-
down (d-dw) d occupations of & impurities in Cu, Ag, and purities (see Table I} are strongly dominated by the down

104401-5



S. FROTA-PESS@ PHYSICAL REVIEW B 69, 104401 (2004

spin contributions. But it is clear from Fig. 1 that the down nificantly increases its magnitude. The spin momentsaf 3
states, being higher in energy, are not significantly affectedmpurities were found to be similar in Ag and Au but lower
by hybridization with thed states of the host, which under in Cu, where due to the smaller size of the host, the hybrid-
these conditions cannot be directly responsible for the lowzation is stronger. The orbital moments show similar trends
orbital moment of Fe in Au. The low orbital moment ob- in all three hosts, being negative for early transition metals
tained for Fe in Au is simply due to the fact that, when goingand positive for Fe and Co in all hosts. This behavior can be
from negative to positive values across thé Series, the understood in terms of a simple model based on virtual
orbital moment in Au seems to pass through zero closer tbound states.
Fe, while for Ag the crossing is earlier, near Mn. We should  Our results show that the orbital moments af Bnpuri-
note that the position where the orbital moment crosses frorties in Au are not, in general, quenched by hybridization with
positive to negative along thed3series depends on the de- the shallow % band of the host. This is in accordance with
tails of hybridization with the host, and in this sense, thenuclear orientation and NMR measurements which suggest
hybridization with the hostl bands do in this indirect way that Co in Au should exhibit a significant orbital momént.
influence the results. In our calculations, a very large orbital moment and a corre-
It is clear from the above results that the orbital momentspondingly large orbital to spin moment ratio is obtained
of 3d impurities in Au are not, in general, quenched by hy-for Co in Au, both with and without inclusion of orbital
bridization with the shallowd band of the host. The trends polarization. Recent XMCD measurements point to an ex-
obeyed by the orbital moments are actually similar in Ag andperimental ratio lying between these two values. Orbital mo-
Au, as can be seen from Fig. 3. In the case of Co in Au, anents inferred from TDPAD measurements of the hyperfine
large calculated orbital momeiof around 1.kg) was ob- field of Fe in Ag are also better represented by an average
tained in the presence of OP, yielding an orbital to spin mobetween calculated values with and without the inclusion of
ment ratio of 0.7. A lower, but still surprisingly high, orbital OP, again suggesting that the inclusion of OP is necessary to
to spin ratio of about 0.34 has been recently observed experéxplain orbital moments, but tends to overestimate their
mentally for Co in Au using the x-ray magnetic circular di- magnitudes.
chroism (XMCD) technique, evidencing beyond any doubt Finally, we find that the behavior of the orbital moment of
that the moment of @ impurities in Au is not, in general, 3d impurities in Cu, Ag, and Au contains a remnant of
quenched* This measured value of the orbital to spin ratio Hund’s rule, in the sense that it also predicts antiparallel
is much larger than the one calculated in the absence of OBJignment between orbital and spin moments in early transi-
and supports the notion that the inclusion of OP is necessatyon metals and parallel alignment for late transition metals.
to explain the experimental data, but that it tends to overesRecent XMCD measurements fod 3mpurities in Au con-
timate the magnitude of the orbital moment. We note thafirm these trend$* A similar behavior was also found for
recently a 50% reduced Racah parametemrbital moments of @ adatoms in A¢001), where thed
has been used in OP calculations, to reduce OP orbitdévels are also broadened into virtual bound statékere,
moments, and better describe the experimental behaviatue to the incomplete coordination of adatoms, the hybrid-
of Co atoms and nanoparticles in(Pt1).%° In this context ization with the host is smaller, leading to very sharp virtual
we should comment on the recent TDPAD experimentdbound states and large magnitudes for orbital moments,
determining the hyperfine fieftiwhich point to an orbital which can be, in some cases, close to those given by Hund'’s
moment of the order of 0.3h; for Fe in Ag, and to small rules in the corresponding atoms.
orbital moments, close to zero, for Fe in Au. For Fe in
Au, the calculated orbital moments are also small, in good

agreement with experiment. But for Fe in Ag, the present ACKNOWLEDGMENTS
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respectively, and again the experimental value is bettefMPlementation of orbital polarization in the RS-LMTO-

represented if an average between the values with and witf?SA formalism and for his hospitality during my stay in
out OP is taken. Uppsala. | also thank P. H. Dederichs and R. Ahuja for in-

formation regarding their results for Fe and Co impurities in
Ag. Finally I acknowledge very helpful discussions with W.
D. Brewer, K. Baberschke, and members of their groups,

In this work, we have used the RS-LMTO-ASA formal- regarding the experimental observation of orbital moments
ism to investigate the OM’s of @impurities in Cu, Ag, and and other aspects of the problem. | thank the CNPq for fi-
Au. The orbital moment was obtained both with and withoutnancial support and the LCCA da Universidade de S. Paulo
inclusion of orbital polarization, which when included sig- for the use of their computational facilities.

V. CONCLUSIONS
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