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We present a comparison between accurateab initio calculations and a high-quality experimental data set
(1986–2002) of electric-field gradients of Cd at different sites on Ni, Cu, Pd, and Ag surfaces. Experiments
found a systematic rule to assign surface sites on(100) and(111) surfaces based on the main component of the
electric-field gradient, a rule that does not work for(110) surfaces. Our calculations show that this particular
rule is a manifestation of a more general underlying systematic behavior. When looked upon from this point of
view, (100), (111) and (110) surfaces behave in precisely the same way. The physical mechanism behind the
systematics of the EFG for other 5sp impuritiessCd-Bad at different fcc surfaces sites is revealed, showing in
a natural way why the first half of the 5p elements shows a coordination dependence that is opposite with
respect to the second half.
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I. INTRODUCTION

Nuclear probe techniques, such as Mössbauer spectros-
copy, Perturbed Angular Correlation spectroscopy(PAC),
Nuclear Magnetic Resonance(NMR), and others, have
proven in the past to be versatile tools for the study of a
broad set of phenomena. By simultaneously detecting both
electric-field gradients(EFG) and magnetic hyperfine fields
(HFF), it is possible to obtain a fingerprint of the electronic
and magnetic configuration near and at the probe nucleus.1–6

Ab-initio band structure calculations have assumed an impor-
tant role in supporting, improving or confuting the interpre-
tation of experimental data. Especially for such sensitive
properties as HFF’s or EFG’s, the availability of these
parameter-free calculations with an accuracy that is compa-
rable with the experimental error bars, has opened new pos-
sibilities. For instance, by a combination of experiments and
calculations, the systematics of the EFG in pure 3d and 4d
hcp-metals7 and of 5sp impurities in noncubic metals(Zn,
Cd, Sb) could be understood(Refs. 8 and 9, and references
therein). A similar mechanism was revealed for the EFG on
X in RX3 compounds(R 5 lanthanide, X=Rh→Xe).10

In a series of two papers(the second paper is published as
Ref. 11), we turn our attention to electric-field gradients and
magnetic hyperfine fields of isolated impurity atoms at fcc
metal surfaces. Many experimental data are available for the
EFG of Cd at several sites on various fcc metal surfaces(see
Table I). From these data, commonly accepted guidelines for
the site identification of Cd on(100) and(111) metal surfaces
were derived, while the(110) surface seemed to behave dif-
ferently. A first goal of this paper is to demonstrate that these
guidelines are a manifestation of a simple and general coor-
dination dependence mechanism that is valid forall low-
index surfaces(Sec. III). A second goal is to check whether
the mechanism for the systematics of the EFG throughout the
series of 5sp impurities that was established previously for

elemental transition metals8 and lanthanide compounds10 is
valid also at surfaces. The second paper11 of this series will
deal with several questions in which the magnetic hyperfine
field of impurities at surfaces is involved.

Our work on the EFG at surfaces follows pioneering clus-
ter calculations by Lindgrenet al.,12–15 who investigated
HFF and EFG of Cd as an adatom or in a terrace site at
various Ni, Cu, Pd, and Ag surfaces.

II. METHOD AND DETAILS OF THE CALCULATIONS

For the present calculations we have employed state of
the art first-principles techniques, developed within the Den-
sity Functional Theory(DFT).16–18 Most of the calculations
have been performed using the full-potential augmented
plane wave1 local orbitals (APW1lo) method19,20,18 as
implemented in theWIEN2k package.21 We have simulated
the surface1impurity complexes by using the slab-supercell
approach. The impurities have been put both in an adatom
site and at a substitutional position in the surface layer
(called the terrace site from now on) at the three low-Miller-
index surfaces, which in turn were composed of repeated
slabs of 5 to 7 substrate layers(up to 11 for test calculations),
separated by some vacuum space. The size and shape of the
cells were chosen such as to avoid an artificial interaction
between the impurity atoms. For symmetry reasons, the im-
purity atoms were placed at both sides of the slabs. Test
calculations showed that about 6 Å of vacuum(equivalent to
about 3.5 atomic layers) is sufficient to decouple the Cd at-
oms at the two surfaces, and that a similar distance is needed
to decouple the Ni atoms within the same plane. More details
of the slabs and the vacuum are given in tables later in the
paper and in the following paper(Ref. 11). As an exchange-
correlation functional, the PBE generalized gradient approxi-
mation(GGA)22 was used. A few test calculations(see later)
have been performed with the local density approximation
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(LDA ). In the APW1lo method, wave functions, charge den-
sity, and potential are expanded in spherical harmonics
within nonoverlapping atomic spheres of radius RMT and in
plane waves in the remaining space of the unit cell. RMT
values of 2.2 a.u. for Ni and Cu, and 2.4 a.u. for the Pd, Ag,
and all 5sp impurities were chosen throughout. The maxi-
mum, for the waves inside the atomic spheres was confined
to ,max=10. For the majority of the cases, the wave functions
in the interstitial region were expanded in plane waves with
a cutoff of Kmax=7.0/RMT

min=3.18 a.u.−1 or better, while the
charge density was Fourier expanded up to Gmax=16ÎRy.
For the Brillouin zone sampling, a mesh of special k points
corresponding to at least a 14314314 mesh(104 points)
for bulk fcc Ni was taken. The lattice constant of Ni used
throughout the calculations is the one which minimizes the
GGA bulk total energy, i.e.,aNi

GGA=3.51 Å. For Cu, Pd, and
Ag, the experimental lattice constants were used.

When the perfect crystal structure is broken, as in the
presence of an impurity, atomic relaxations of the atoms in
the vicinity of impurity appear. Such relaxations have a
rather long range character, and lead to a volume change of
the crystal, as testified by refined lattice parameter measure-
ments. Additionally, since they alter the nature and strength
of bonds, they change local properties such as the EFG as
well. Atomic relaxations tend to be larger in size the more
open the crystal structure(e.g., zinc blend),23 but it has been
shown in the literature to be very important also in close-
packed matrices.24 As taking into account atomic relaxations
is computationally quite expensive, we have sped up the cal-
culations by using a combination of methods. First, the
atomic positions were relaxed using the pseudopotential
plane waveVASP code.25,26 The all-electron APW1lo code
was then used in a second stage to further relax the atoms to
their equilibrium positions (with forces less than
1 mRy/a.u.), and to calculate the EFG. The expected error
bar on the EFG values is smaller than ±231021V/m2 (see
for instance Ref. 27).

III. ELECTRIC-FIELD GRADIENT AT CD

For an efficient discussion later in this section, we first
summarize a few properties and conventions with respect to
the electric-field gradient(EFG) at a nucleus in a crystal(for
a more elaborate discussion, see, for instance, Refs. 28 and
29). The EFG is a traceless, symmetric tensor of rank 2(5
components), and is a measure of the deviation from spheri-
cal symmetry of the electronic charge density around the
nucleus under consideration. In its principal axis system
(PAS), the EFG tensor is diagonal with diagonal elements
Vxx, Vyy, and Vzz and Vxx+Vyy+Vzz=0 (traceless; hence
specifying 2 out of the 3 quantities is enough). The axes of
the PAS are conventionally labeled such thatuVzzuù uVyyu
ù uVxxu. Instead of specifying 2 of the 3 diagonal elements,
usually the couplesVzz,hd is specified, withh the so-called
asymmetry parameter which equalssVxx−Vyyd /Vzz

s0øhø1d. Often one refers with the term “electric-field
gradient” toVzz only. Whenever we use the word “EFG,” we
mean the tensor with its 5 components. If we mean the main
component in the PAS, we writeVzz.

Over the past two decades, a large body of experimental
results has been obtained for the EFG’s of Cd at different
surfaces of Ni, Cu, Pd, and Ag(see Table I for a summary of
the experimental work, with references tracked down as
much as possible to the original sources). In contrast to what
the structure of Table I might suggest, the assignment of the
experimental values to either terrace or adatom sites does not
happen in a direct way. For(100) and (111) surfaces, it is
easy to separate terrace and adatom sites from all other ones
(steps, kinks) due to the axial symmetrysh=0d of the EFG
and the perpendicular orientation of thez-axis of its PAS. It
is much harder to deduce which of both is the terrace site and
which one is the adatom site. Only for a few cases a thor-
ough experimental analysis has been performed: Ags100d35

and Pds111d.29,39 Arguments include the thermal annealing
behavior, the fraction of different sites dependent on the type
of vicinal cut, and not at least a comparison with early
ab initio cluster calculations.12,13Apart from these two well-
tested cases, the partial information from thermal annealing
behavior onlyfCus111d36g or from agreement with cluster
calculations onlyfCus100d36g further supports the assign-

TABLE I. Experimental absolute values of the principal compo-
nent uVzzu of the electric-field gradient tensor of Cd at various me-
tallic surfaces, with references tracked down as much as possible to
the original sources. Units: 1021 V/m2. A quadrupole moment of
0.83 barn30 was used to extractVzz from the measured quadrupole
interaction frequency. The lowest available measurement tempera-
tures were chosen, and are specified below(0 K if a reliable ex-
trapolation was available).

Ni Cu Pd Ag

(100) terrace 8.2a,b 10.3 c 8.2 d 7.5 e

(100) adatom 2.8f / 0.3 g 0.8 h 2.8 i 0.3 j

(110) terrace – 7.9k 7.9 l 7.0 m

(110) adatom – – 8.5n –

(111) terrace 11.5o / 12.3 p 10.2 q 10.2 r 8.6 s

(111) adatom 1.0t – 0.4 u –

aUnpublished Ref. 31, mentioned in Refs. 14 and 6.
bReference 6,T=270–300 K.
cReference 28,T=0 K.
dReference 32,h=0.16 (!), T=0 K.
eReference 33,T=0 K.
fUnpublished Ref. 31, mentioned in Ref. 14.
gUnpublished Ref. 31, mentioned in Ref. 34.
hMentioned in Ref. 13: private communication from G. Schatz.
iReference 32,T=77 K.
jReference35,T=77 K.
kReference 36,h=0.74,T=0 K.
lUnpublished Ref. 37, mentioned in Ref. 15.h=0.97.
mReference 33,h=0.80,T=77 K.
nUnpublished Ref. 37, mentioned in Ref. 15.h=0.42.
oReferences 5,T=0 K.
pReference34,T=340 K.
qReference 38 and 36,T=0 K.
rReference 39 and 29,T=0 K.
sReference 33,T=0 K.
tReference 34,T=36 K.
uReferences 39 and 29,T=77 K.
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ment in Table I. To our knowledge, the results on Pds110d
are published only recently and in an indirect way(unpub-
lished Ref. 37, mentioned in Ref. 15). Prior to this informa-
tion, Table I was commonly summarized by the following
practical “rule:” on a metal surface, a large Vzz for Cd indi-
cates the terrace site, while a small Vzz indicates the adatom
site. This rule has practical applications: if for a not yet stud-
ied surface a large(small) Vzz is measured, this will be taken
as evidence for the fact that Cd is at the terrace(adatom) site.
This was what was done, e.g., by Potzgeret al.34 to assign
the adatom and terrace sites on Nis100d and Nis111d, in a
study of the coordination dependence of the HFF of Cd at Ni
surfaces. If the rule would not be universal, this site assign-
ment could be wrong, and consequently also their conclusion
on the parabolic coordination number dependence of the
Cd-HFF (see the second paper11 of this series for a further
discussion). Therefore, we will first examine the validity of
this rule. Is it really valid for all(100) and(111) surfaces of
the nonmagnetic metals Cu, Pd, and Ag(i.e., also for the
cases that are not experimentally tested in detail)? Can the
rule be transferred without changes to the magnetic metal
Ni? And is it really true only for(100) and (111) surfaces,
and not for(110) (as the recent Pd information suggests)?
Finally, what is the physical mechanism that lies behind this
rule?

In response to these questions, we present in Table II(a)
the calculatedVzz for both relaxed and unrelaxed Ni surfaces,
together with their assigned experimental values(taken from
Table I). We did not find in the literature any experimental
investigation for Cd at the Nis110d surface. Instead, for a
qualitative comparison, the data for Cd at the Pds110d sur-
face are enclosed in parentheses in Table II(a). We also in-
clude the results obtained with the cluster method by
Lindgren.15 Unfortunately, the cluster calculations of
Lindgren spanned all the orientations only for the Cu sur-
face, while for Cd on Ni only the terrace sites at Nis100d and
(111) surfaces have been simulated. Results for Cu and Pd
surfaces are therefore included in Table II(a) in parentheses
as well. We recall here that different to the cluster results of
Lindgren, our calculations are for bulk slabs and not for non-
periodic clusters. Moreover we do a “full” relaxation of all
the atomic positions in the cell, while due to insufficient
accuracy of the method, no real forces have been calculated
by Lindgren: the distance between Cd and the surface was
fixed at the experimental distance, and the surrounding Ni
atoms were kept in their idealfcc positions(in contrast to
this, the Cd atom in ourunrelaxed calculations was at an
ideal fcc lattice site). Our fully relaxed results compare gen-
erally very well with the experiments, predicting for(100)
and(111) a low Vzz (close to zero) for all adatom sites, and a
considerably higherVzz for the terrace site, in compliance
with the experimental rule. For the(110) surface, terrace and
adatom sites have a comparableVzz, again in agreement with
the experimental observation. Taking into account the rather
different approximations, there is also reasonable agreement
between our unrelaxed slab calculations and the unrelaxed
cluster results, the former being generally closer to experi-
ment[especially for(111)]. For the(110)-surface, the EFG is
not axially symmetricshÞ0d. Values forh are included in

Table II(a) as well. Relaxation can be seen to have a moder-
ate influence onh, and the considerably largerh in terrace
sites as seen in experiments, is well-reproduced. A direct
comparison with experimental values forh is difficult with
the present data set, however[no experiments for Nis110d
and no relaxed calculations for Pds100d]. More details on the
nature of the relaxations are discussed in Ref. 11(Sec. III-1
and Table II).

For the(110) terrace site we observe a change in the sign
of Vzz, when moving from the unrelaxed to the relaxed sys-
tem. This is readily explained as follows.Vzz is defined as the

TABLE II. All calculations refer to a slab with 7 substrate lay-
ers. About 13 Å vacuum was used for the terrace sites, about 9.5 Å
vacuum for the adatom sites.(a) Column 1: unrelaxed slab calcula-
tions forVzz of Cd on Ni surfaces. Column 2: idem, but relaxed(see
Sec. III and Table II of Ref. 11 for more details on the relaxation).
Column 3: unrelaxed cluster calculations forVzz of Cd on Ni sur-
faces, when available. If no values were available, results for Cu or
Pd surfaces are given instead. Column 4: the absolute value of the
experimentalVzz for Cd on Ni surfaces, if available(if not, values
for a Pd surface are given). (b) Relaxed slab calculations forVzz of
Cd in terrace and adatom sites at one magnetic and three nonmag-
netic (100) surfaces(sign included), compared with the absolute
value of the corresponding experimentalVzz. See Sec. III-1 and
Table II of Ref. 11 for more details on the relaxation. Units:
1021 V/m2 everywhere.

(a)

APW1lo
Cluster
calc. uExp.u

Unrelax. Relax. Ref. 15 see Table I

(100)
Terrace

10.5 8.6 11.0 8.2

(100)
Adatom

4.0 1.9 s−0.8dCu 2.8/0.3

(110)
Terrace

9.5 −9.7 s11.2dPd s7.9dPd

(110)
Adatom

−9.3 26.4 s−8.3dPd s8.5dPd

(111)
Terrace

10.8 13.0 16.5 11.5/12.3

(111)
Adatom

−1.4 −2.9 s−6.2dCu 1.0

(110)
Terrace

h=0.83 h=0.74 hPd=0.97 hPd=0.97

(110)
Adatom

h=0.18 h=0.23 hPd=0.28 hPd=0.42

(b)

(100) terrace (100) adatom

APW+lo uExp.u APW+lo uExp.u

Ni 8.6 8.2 1.9 2.8/0.3

Cu 9.9 10.3 −2.0 0.8

Pd 9.1 8.2 3.4 2.8

Ag 8.5 7.5 0.4 0.3
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largest component of the electric field gradient tensor in its
principal axis system. But it might happen that there are two
components of similar size, that have then necessarily oppo-
site signs and yield a large asymmetry parameterh (5close
to 1). This is exactly what we found for the(110) terrace
case. There is a large positive component along the normal
on the(110) surface, while an almost as large negative com-

ponent exists along thef11̄0g direction in the(110) plane.
Upon relaxation the latter negative component becomes in
absolute value larger than the positive one, and the latter axis
becomes the one along whichVzz is defined. Experiments on
the Pds100d surface show instead the EFGz-axis for the
terrace site to lay along the normal to the(110) plane. The
calculated component of the EFG along this direction is
+8.431021 V/m2 for the relaxed Ni-surface. It is this value
which should be compared to the experimental 7.9
31021 V/m2 for the Pds110d terrace site. In the relaxed
Nis100d adatom case, thez-axis is the[001] direction in the
(110) plane while experiments on Pds110d find again the
[110] direction. The component of the calculated EFG along
the latter direction is +3.931021 V/m2 for Nis110d. This
deviates considerably from the experimental value for Pd,
but is in good agreement with the unrelaxed Pd-calculations
to be discussed in Table III. We suspect that there is a prob-
lem with the experiment here. For the other two substrate
orientations,(100) and (111), the asymmetry parameterh is
zero and there is therefore no doubt on which component is
the largest one: we find in all cases the principal axis along
the surface normal, as in the experiment.

Having verified that the practical site assignment rule is
valid for magnetic Nis100d and Nis111d surfaces, and not for
Nis110d, we now examine for one type of surface —(100)
— whether other elemental metal substrates show the same
behavior. Table II(b) shows the calculated and experimental
Vzz at the(100) surfaces of Ni, Cu, Pd and Ag. The calcula-
tions are in very satisfying agreement with the experiments,
and it is safe now to conclude that the EFG in all of these 24
surface sites behaves in the same way.

Finally, we search for the physical mechanism that is re-
sponsible for this systematic behavior. Instead of considering
for this the Ni-calculations from Table II, we calculated the
EFG of Cd at a complete set of unrelaxed Pd-surfaces. This
avoids the complication of an EFG coming from spin-up and
spin-down electrons, and it allows for a more direct compari-
son with experiment because for Pd all six cases are mea-
sured(Table I). It is not harmful not to consider relaxation
here, because now we are looking for a global mechanism,
not for fine details. The results are given for every diagonal
component of the EFG separately in Table III, together with
the corresponding experimental components(mind the un-
conventional labeling of the axes, as specified in the caption
of Table III). Considering the fact that these are unrelaxed
calculations, they reflect the experimental trend very well
and hence these Pd-surfaces form a reliable model system to
search for the physical mechanism.

Already in the very first successfulab initio calculations
of EFG’s in metals, it has been shown that the magnitude and
sign of the principal componentVzz are reflected in the so-
called asymmetry countDnp of the p-electrons(for Cd, the
completely filledd-shell does not contribute to the EFG).
The asymmetry count is defined asDnp= 1

2snpx
+npy

d−npz
,

with npi
the number of electrons in thepi-orbital (see Ref. 7

for the first analysis, and, e.g., Refs. 10, 40–42 for applica-
tions): spherical symmetrysnpx

=npy
=npz

d leads toDnp=0
(henceVzz=0), charge accumulation along thez-axis (npz
large) leads toDnp,0 (henceVzz,0), etc. For our analysis,
we slightly extend this idea and take as a working hypothesis
that the sign and magnitude ofany diagonal componentVii

are reflected in ageneralizedasymmetry countDnp
i = 1

2snpj
+npk

d−npi
(and cyclic permutations). This hypothesis is

checked by Fig. 1(a), where the calculatedVii from Table III
(right scale) are compared with the asymmetry countsDnp

i

derived from the calculated number ofp electrons in Table
III (left scale). With the right choice of scales in Fig. 1(a), the
Dnp

i and Vii data points almost coincide, which means that
apart from a unique scaling factor both quantities reflect ba-

TABLE III. The three calculated(Vii
calc, unrelaxed) and experimental(Vii

exp, see Table I for references)
components of EFG tensor in its PAS for Cd at 6 Pd surface, sites, ordered according to the number of
nearest neighbors for CdsNNd. Similar slabs as in Table II used. Units: 1021 V/m2. The usual convention for
labeling the axes of the PAS isnot followed: thez-axis is perpendicular to the surface,x-andy-axes are in the
surface plane. For(100) and(111) surfaces all directions in the surface plane are equivalent for the EFG. For

the (110) surface, ourx-axis refers to thef11̄0g direction, and oury-axis to the[001] direction. The principal
component—which would be labeledVzz in the usual convention—is printed in boldface. The sign of the
experimental values was not measured, but is chosen here to agree with the calculations(for the small
numbers for NN53, this is nothing more than a guess). The number Cd−5p electrons split intonpx

calc, npy
calc,

andnpz
calc is given as well.

]NN Vxx
calc Vyy

calc Vzz
calc Vxx

exp Vyy
exp Vzz

exp npx

calc npy

calc npz

calc

(111) terrace 9 −4.8 −4.8 9.6 −5.1 −5.1 10.2 0.1478 0.1478 0.0952

(100) terrace 8 −4.4 −4.4 8.8 −4.1 −4.1 8.2 0.1321 0.1321 0.0876

(110) terrace 7 −7.6 −0.5 8.1 −7.8 −0.1 7.9 0.1330 0.1054 0.0799

(110) adatom 5 2.0 -6.2 4.2 −2.5 −6.0 8.5 0.0685 0.0984 0.0664

(100) adatom 4 −1.4 −1.4 2.8 −1.4 −1.4 2.8 0.0645 0.0645 0.0580

(111) adatom 3 0.4 0.4 -0.8 0.2 0.2 -0.4 0.0425 0.0425 0.0576
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sically the same behavior. This proves our working hypoth-
esis: the observed behavior of all components of the EFG is
nothing more than a manifestation of the properties of the
distribution of the Cd 5p-electrons over thex-, y- and
z-directions. Hence, if we understand the behavior of thenpi
in Table III, we understand the EFG. This greatly facilitates
our search, as—in contrast to theVii— the npi

have a direct
and intuitively understandable relation to the chemical bonds
between Cd and its Pd neighbors.

The coordination dependence of thenpi
is visualized in

Fig. 1(b), together with a least squares fit. The picture is
complicated a bit by the fact thatnpx

andnpy
are not identical

to each other for(110) surfaces. To make the discussion
more transparent, we will therefore first assume a hypotheti-
cal (110) surface with axial symmetrysh=0d for which npx
=npy

(gray symbols in Fig. 1; they are the average of the
calculatednpx

andnpy
). We now clearly see an almost linear

dependence ofnpx
(or npy

) andnpz
on NN [least squares fit in

Fig. 1(b)]: both npx
snpy

d and npz
decrease linearly while re-

ducing the coordination, the decrease being stronger for
npx

snpy
d than fornpz

. If we calculate theDnp
i corresponding to

the least squares fits in Fig. 1(b), we obtain the straight lines
in Fig. 1(a) [for overall axial symmetry, gray symbols for
NN5(5,7)]: this proves that the two-slope model from Fig.
1(b) is indeed the key responsible for the observed behavior
of the EFG. A simple mechanism explains why these slopes
must be different. Obviously,npi

should decrease with de-
creasing NN: Cd has no native 5p-electrons, hence in the
free atom limit (NN50) all npi

should be zero. The reason
why npx

snpy
d gets reduced faster upon decreasing NN than

npz
, can be understood from the difference between the hori-

zontal and vertical coordination of Cd. The low-coordination
adatom sites have no neighbors in the XY-plane, and hence
npx

snpy
d quickly becomes zero. There are always, however,

substrate atoms underneath Cd, i.e., in theZ-direction,
whereas Cd is in a terrace or an adatom site. Thereforenpz

has a tendency to stay more constant. This is exactly what is
observed in Fig. 1(b). Up to now we artificially kepth=0 for
the(110)-surface. ReintroducinghÞ0 in our discussion only
redistributes the charges within the horizontal plane, and
therefore does not affect the above conclusion.

An alternative and complementary way to visualize the
evolution of thep-electrons andVzz as a function of coordi-
nation for Cd on Pd is provided by thep-anisotropy
function10,41,42(Figs. 2 and 3). This is a function of energy—
just as the Density Of States(DOS)—that gives the inte-
grated value of the previously defined asymmetry count
Dnp= 1

2snpx
+npy

d−npz
up to that energy. The value of this

function at the Fermi energy gives the actualp-asymmetries
as given, e.g., in Table III. If this function is negative at a
given energyE0, it means that for thep-states in the interval
f−` ,E0g the pz-states outweighpx and py. The p-anisotropy
function was used before7,43 to explain the positiveVzz for
Cd in hcp-Cd, as is sketched in Fig. 3(a): shorter interatomic
distances in theXY-plane make thepxy-band broader than the
pz-band, such that in the lower half of thep-band the
p-anisotropy—and henceVzz—is negative. Cd is at the bot-
tom of the 5p-band, and is therefore expected to have a nega-
tive Vzz. For Cd on Pd-surfaces, thep-anisotropy functions
given in Fig. 2 start with a characteristic negative contribu-
tion near −4 eV, which is very similar to what was calcu-
lated for Cd at a 4/mmmsite in AuCu3-type lattices.10 We
will demonstrate in Sec. IV that this is due to a hybridization
involving the Cd-5s and Cd-5pz electrons(not 5pxy), an ef-
fect that was not properly understood before. For low coor-
dination numbers, another strongly negative contribution is
present aboveEF. When the coordination number increases,
this gradually transforms in a strongly positive contribution:
first at the lower end nearEF, and extending to over 5 eV
aboveEF for the highest coordination number. What matters
is the value of the anisotropy function atEF, and this evolves
from a small negative value for NN53 (pz excess, as there
are no horizontal bonds) to strongly positive values for larger
NN (pxy excess, as to the surface side a vertical bond is

FIG. 1. (a) Black symbols: calculated components of the Cd EFG on Pd(see Table III, black symbols refer to the right scale). White
symbols: generalized asymmetry counts(see the text), calculated from thenpi

in Table III (white symbols refer to the left scale). Gray
symbols[for (110) surfaces only]: the average ofDnp

x and Dnp
y, which would be the value ofDnp

x=Dnp
y in the hypothetical case of axial

symmetrysh=0d. Circles, triangles, and squares are relative to thex,y,z components, respectively, of the plotted quantities. Dotted-dashed
lines:Dnp

i obtained from the least squares fit in Fig. 1(b). The dotted lines are calculated using the extrapolation of Fig. 1(b). (b) Thenpi
from

Table III. Gray symbols[for (110) surfaces only]: the average ofnpx
and npy

in the hypothetical case of axial symmetrysh=0d. Dotted-
dashed lines: least squares fit, with tentative extrapolation(dotted line) to NN=0 (free atom). Both in (a) and (b) the data for thexy-plane
and for thez-direction are displayed separately for clarity.
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missing). The anisotropy function will play a major role in
understanding the systematics of the EFG for other
5p-impurities in Sec. IV, where more interpretations will be
provided on the shape of thep-anisotropy function for Cd as
well.

We emphasize that for a given coordination number, the
p-distribution for sure depends on the exact spatial arrange-
ment of the Pd neighbors. The behavior as a function of the
coordination number is so smooth only because we are deal-
ing with fairly “similar” environments (Pd underneath,

vacuum above). Furthermore, a tentative extrapolation of
Fig. 1(b) to very low coordination sites(NN51, 2) suggests
a negativeVzz there. This is confirmed for an NN52 envi-
ronment for Cd on Ni, where we calculateVzz=−2.4
31021 V/m2(see Table I of Ref. 11 for the exact geometry of
this environment).

In contrast to the discrete behavior suggested by the prac-
tical rule (“terrace site means largeVzz; adatom site means
low Vzz” ), we conclude that there is a continuous evolution
as a function of the coordination number. The(100) and
(111) terrace sites are both highly coordinated, and therefore
have indeed the largestVzz, while the opposite is true for the
(100) and (111) adatom sites. The(110) terrace and adatom
sites have intermediate coordination—and therefore compa-
rableVzz’s—which is why the “rule” does not seem to work
for (110). However, there is nothing exceptional about the
(110) surface.

IV. ELECTRIC-FIELD GRADIENT AT OTHER
5p-IMPURITIES

Being the last 4d transition element, Cd feels an EFG that
is nevertheless determined by 5p states(Sec. III). We now
broaden the scope and examine the EFG at a fcc surface of
all 9 elements in the series Cd-Ba. Within this series, the
effect of the gradual filling of the 5p-shell can be studied. In
addition, for the late elements of the series, also the 6p-shell
will start to fill and the total EFG will result from a compe-
tition between the two distinct contributions. The goal is to
examine whether the well-established band-filling mecha-
nism for similar impurities in bulk spd-metals7–9 and in
f-electron compounds10 still holds for the quite different situ-
ation of a surface.

Out of all 54 possible situations[all 9 impurity atoms at
all 6 surfaces sites(NN53,4,5,7,8,9)], we first calculate the
EFG for 18 of them: all impurities at the adatom(NN54)
and terrace(NN58) site of a (100) Pd surface. Again no
lattice relaxations are taken into account, as we are searching
for global mechanisms and not for details. In Fig. 4, the

FIG. 2. A p-anisotropy function of Cd(5p5total), Te (5p5total), and Ba(6p only) at sites with different coordination on various Pd
surfaces. For clarity, the curves within each plot have been vertically displaced from they=0 axis. The distance between the baseline of
neighboring curves is(a) 0.03, (b) 0.08, and(c) 0.02 states/eV, which simultaneously calibrates the threeY-axes.

FIG. 3. (a) Left scale: sketch of the Density Of States(DOS) for
pxy and pz states of 5p impurities in bulk hcp metals. Right scale:
the corresponding p-anisotropy curve DpsEd=e−`

E 1
2(npx

sE8d
+npy

sE8d)−npz
sE8ddE8(picture taken from Refs. 43 and 8). It is

demonstrated in Sec. IV that a similar picture applies for 5p impu-
rities in terrace sites at fcc metal surfaces.(b) Similar, but now for
5p impurities as an adatom on fcc metal surfaces(see Sec. IV).
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calculated values forVzz are given. It can be readily seen
from Fig. 4 that the systematics at a surface are different
from bulk: for the more bulk-like, highly-coordinated terrace
site, the “S-shaped” evolution from positiveVzz in the first
half of the series to negative values in the second half is very
similar to what has been measured and/or calculated for the
same series of impurities in bulk spd-metal hosts(Zn, Cd,
and Sb; see Refs. 8, 44, and references therein), and bulk
f-electron compounds.10 For the less bulk-like, less-
coordinated adatom site, however, anoppositeevolution is
seen. Figure 4 suggests that for impurities in the first half of
the 5p-band the coordination dependence ofVzz will be simi-
lar to that of Cd(positive values for high coordination, nega-
tive values for low coordination), while for the second half
of the 5p elements the coordination dependence is opposite.
In order to find the reason for this difference, we first look at
the total p-anisotropy curves for all 9 elements in Fig. 5.
Additionally, this figure shows the 6p anisotropy for Xe, Cs,

and Ba as well, put at the bottom of the picture. They can be
thought to represent the 5p anisotropy of Kr, Rb, and Sr,
such that Fig. 5 shows the evolution through all 5sp ele-
ments, omitting the 4d elements(except for Cd). For both
sites, the evolution from bottom to top in Fig. 5 can be quali-
tatively described by a single characteristic curve that gradu-
ally shifts to the left and simultaneously gets wrapped up
(the development of sharper features). The former effect is
due to the filling of the 5p-band, while the latter is connected
to the flattening of the 5p-bands when they get deeper and
deeper under the Fermi level. For Xe, Cs, and Ba thep-DOS
shows very sharp and narrow peaks at 7 or more eV below
the Fermi energy. They result in a similarly peaked structure
in the p-anisotropy. For the terrace site this peak is positive,
with a long tail that becomes eventually negative atEF for
the heavier elements. The peak is negative for the adatom
site, with a long tail that becomes positive atEF for the
heavier elements. For both sites there is also a negative con-
tribution at the beginning of thep-anisotropy. It gradually
becomes smaller(5less deep) and becomes horizontal for
several eV.

How can all those features be interpreted?(i) The initial
negative feature can be identified as due to a 5s-5pz hybrid-
ization. Indeed, when going through the series, the 5s states
of the impurity evolve from a broad peak at or just underEF
to a sharp peak several eV lower(see Fig. 6 for Sn). The
hybridization with this 5s peak moves some of the 5pz
weight to lower energies, while the 5pxy weight is not af-
fected. This leads to apz excess at low energies, and hence to
a negative anisotropy function. The deeper in energy the 5s
states become, the less they can take part in the hybridization
—lowering the initialpz excess, until it effectively vanishes
from I on. For elements with 6s states close toEF (Xe, Cs,
Ba), this effect leads to a shallow negative 6p-anisotropy at
EF, and hence a negativeVzz

6p. (ii ) The positive feature that
develops into the sharp peak for NN58 can be understood in
the same way as for 5p impurities in bulk materials7–10,43

(see also Sec. III): the bonding in theXY-plane is stronger
than in theZ-direction—an argument that isa fortiori true at
surfaces because in the positiveZ-direction there are no

FIG. 4. CalculatedVzz for the elements Cd-Ba as an adatom
sNN=4d and in a terrace sitesNN=8d on an unrelaxed(100) surface
of fcc Pd.

FIG. 5. Totalp-anisotropys=5p+6pd for the elements Cd-Ba as
an adatomsNN=4d and in a terrace sitesNN=8d on an unrelaxed
(100) surface of fcc Pd. For Cd toI, a contribution from
6p-electrons to the totalp-anisotropy is negligible, such that their
total p-anisotropy is a 5p-anisotropy. Thep-anisotropy of Xe, Cs,
and Ba has a 5p and a 6p contribution. Their 6p-anisotropy is
shown at the bottom of the picture as well(see the text). As for Fig.
2, the curves within each plot have been vertically displaced for
clarity. The displacement between neighboring curves is(a) 0.12
and (b) 0.10 states/eV.

FIG. 6. (a) Partials-DOS for Sn in a terrace site on Pds100d. (b)
Partial DOS forpxy/2 (full line) and pz (dashed line) for Sn in a
terrace site on Pds100d.
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neighbors – which leads to apxy-band that is broader than the
pz-band(the latter is clearly visible in Fig. 6, where the main
part of the pxy-band starts at −5.8 eV, whilepz starts at
−5.2 eV only). This leads topxy-excess and hence a positive
p-anisotropy in the first half of the 5p-band [Fig. 3(a)],
which is what is observed for all elements in Fig. 5(b). An
alternative way to formulate this is saying that in the first
half of the band bonding states are most populated. Bonding
states form the strongest bonds, such that for a terrace site
they must be thepxy states. When the same argument is ap-
plied to the adatom site, it leads in a natural way to the
opposite behavior: bonds are stronger in theZ-direction, as
there are no neighbors in theXY-direction for an adatom.
The pz band is broader now(or alternatively thepz are the
bonding states now), which leads topz excess and anegative
p-anisotropy in the first half of the band[Fig. 3(b)]. (iii ) In
the second half of thep-band, thep-anisotropy becomes
negative for the terrace site(and for bulk), which starts to be
visible in Fig. 5(b) from Sb on. This indicatespz excess,
which is again due to the smallerpz-band, or alternatively, to
the population of antibonding states[Fig. 3(a)]. The same
arguments lead to a positivep-anisotropy for the adatom site
[Fig. 3(b)].

This analysis is further confirmed by looking at the
p-anisotropy for a single impurity as a function of coordina-
tion. The case of Cd was already discussed in Sec. III and
Fig. 2(a), where we saw how thepz excess for low coordi-
nation(pz are bonding states) gradually transforms into apxy
excess for high coordination(pxy are bonding states). What
happens in the upper half of the band is not visible for Cd, as
this second half lies far aboveEF. For Te, however, we can
observe both the first and second half of the band[Fig. 2(b)].
The first half of the Te-5p band lies fully underEF, and
transforms from a strongly negative into a strongly positive
feature if the coordination increases, just as for Cd. The sec-
ond half of the band lies at and aboveEF, and evolves in the
opposite way from positive to negative. Te is simultaneously
a warning example of the quantitative limitations of this in-
terpretation: we expect aVzz that changes from positive to
negative with increasing coordination. This is certainly the
general trend for Te as seen in Fig. 7, but individual environ-
ments can deviate from this trend: for the NN54 environ-
ment theVzz is slightly negative instead of positive(while at
first sight, looking at Fig. 4, one would have predicted an

almost constant coordination dependence for Te). As a last
example we show the 6p-anisotropy for Ba in Fig. 2(c). For
low coordination, the negative contribution from the hybrid-
ization with the 6s states and the negative contribution from
the bonding 6pz states cooperate to produce a strongly nega-
tive Vzz. For high coordination the positive contribution from
the bonding 6pxy states slightly dominates. As far as the 6p
states are concerned, Ba is at the beginning of thep-band,
and we correctly find an evolution from negative to positive
Vzz. But for the 5p band, Ba is at the end of the band, and the
trend must be reversed. This is indeed what is calculated, as
shown by Fig. 7. For elements heavier than Ba, the 5p states
will be at ever more negative energies and will eventually be
rigidly spherically symmetric, leading to a zero contribution
to Vzz. We did not explicitly calculate the coordination de-
pendence ofVzz for a Sn impurity, which is experimentally
accessible by119Sn Mössbauer spectroscopy. But by an ex-
trapolation of Fig. 4 it can be expected that adatom and ter-
race sites on the same surface will lead to almost identical
values of Vzz, but with a different sign. Because without
special care most experiments are insensitive to the sign, this
implies that site-identification throughVzz of Sn will be dif-
ficult in practice.

Our analysis can be summarized in the cartoon of Fig. 8,
which shows the evolution of thep-anisotropy as a function
of coordination. The essential features are present: the evo-
lution from pz excess topxy excess with increasing coordina-
tion in the first half of the band, and the opposite effect in the
second half of the band. In order to find the trend for the

FIG. 7. Coordination dependence ofVzz for Cd, Te, and Ba on
fcc Pd surfaces.Vzz of Ba is split in a 5p and a 6p contribution.

FIG. 8. Qualitative shape of thep-anisotropy for 5p-impurities
on fcc surfaces, varying from high coordination(bottom) to low
coordination(top). The trend for a given element can be read by
putting the Fermi energy at the appropriate position in the band.
Examples are given for the cases shown in Fig. 7. Note that this
cartoon does not predict themagnitudeof Vzz, but only the sign and
the trend as a function of coordination: due to band narrowing, the
p-anisotropy is more peaked near the end of the band, leading to
potentially larger values ofVzz.
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coordination dependence of a given impurity, the position of
its Fermi energy has to be given. This is indicated on Fig. 8
by vertical lines for the examples that have been discussed.

V. CONCLUSIONS

We have undertaken a comparison ofab initio calcula-
tions and a high-quality data set—experimentally collected
during the past 20 years—of electric-field gradients of Cd at
magnetic and nonmagnetic metallic fcc surfaces. We con-
clude that the experimental practice for(100) and (111) sur-
faces of assigning a large Vzz to terrace sites and a low Vzz to
adatom sites is correct. However, this “discrete” rule is noth-
ing more than a manifestation of a continuous evolution of
the EFG components as a function of the coordination num-
ber, an evolution for which we have pointed out the physical
mechanism. With this insight, the behavior of the(110) sur-
face is not exceptional at all, in contrast to what the experi-
mental evidence seemed to suggest. As a generalization, we
examined the coordination dependence of the electric-field
gradient for 9 different elements, spanning the entire 5p se-

ries. The trend as a function of coordination number is op-
posite for the first and second half of the 5p series, and our
analysis reveals the physical mechanism behind this. Having
reached these conclusions on the EFG, we can now turn to
the magnetic hyperfine field of Cd and other impurities on
the magnetic fcc Ni surface, which is the subject of paper II
(Ref. 11, the next paper in this issue).
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