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Abstraet

Non-relativistic (NR-Xa) and Dirac (DSW-Xa) spin-restricted calculations on the matrix isolated AU3 cluster are
reported. It Ís shown that the resolved hyperfine interactions arising from the apical gold atom and the anisotropic effects on
the spin distribution and on the paramagnetic properties could be adequately interpreted by using Dirac operators and Dirac
cluster wave functions. The DSW-Xa calculations are in reasonable agreement with empirical and resolved paramagnetic
resonance data of the AU3 cluster isolated on the C6D6 matrix.

1. Introduction

It is now recognized that electronic paramagnetic
resonance (EPR) spectroscopy has been useful in
elucidating cluster electronic structure, possible clus
ter geometries, electronic sta tes and spin distribu
tions [1-5]. Furthermore, highly resolved EPR spec
tra of heavy-metal cluster radicals give detailed in
formation about the isotropic and anisotropic charac
ter of the magnetic tensors [6,7].

About a decade ago, the EPR spectrum of the
matrix isolated AU3 cluster was reported [8]. It was
concluded that the spectrum arises from a single
unpaired electron which shows equal, large, almost
isotropic hyperfine interaction (hfi), with two equiva
lent Au atoms and a further, small interaction with a

third Au atom [4,8]. Moreover, this species was
empirically characterized as having an obtuse angled
geometry with a zBz electronic ground state [4,8].

• Corresponding author.

From a theoretical point of view the electronic
structure and the molecular stabilities of the Au 3

cluster have been the subject of several nonrelativis
tic (NR) Schr6dinger or Pauli-type theoretical studies
[9-13]. The NR semiempirical diatomics in
molecules calculation predicts a cluster with an acute
angled geometry with a zA1 ground state [9]. How
ever, the Pauli-type MRSDCI calculations by Bala
subramanian et al. [10-12], and the NR-SDCI calcu

lations by Bauschlicher [13], predicted the zBz (Cz)
electronic obtuse ground state as the bent minima,
which is nearly degenerate with the low-Iying zA!
(C zv) acute excited state [10-13]. This prediction is
more in accord with the EPR interpretation [4,8].

In the present study, we examine the role of
relativistic effects Gncluding spin-orbit interaction)
on the spin populations and paramagnetic properties
of the obtuse AU3 cluster. We report here nonrela
tivistic and relativistic spin populations and para
magnetic tensor calculations by using the methods
previously developed by us [14-16]. We have re
cently shown that for extracting meaningful informa-
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tion from the EPR spectra of heavy-atom clusters,
certainly requires the use of Dirac type operators and
orbitals [16].

20 Method of ealculations

In the self-consistent NR-Xa and DSW-Xa for

malisms the molecular wave function is approxi
mated as a Slater determinant by an effective
Coulomb and exchange-correlation potential [17].
For the exchange-correlation potential we used the
Hedin-Lundqvist local density potential [18], modi
fied according to MacDonald and Vosko [19] to
include relativistic effects [16,19]. The calculation of

the molecular hyperfine interaction uses the SCF
NR-Xa or Dirac molecular wave function as the

starting point.
In relativistic theory the method used for the

calculation of the magnetic hypérfine interactions is
based upon a first-order perturbation to the Dirac
Hamiltonian, so that the effects of magnetic fields
are described by the perturbation operator HD [14
17], where

HD=eaoA (1)

In Eq. (1), a is the vector of 4 X 4 Dirac matri
ces and A is the electromagnetic vector potential.
For the hfi term A = (p, X r)/r3, where p, is the
nuclear magnetic dipole moment. For the Zeeman
term A = ~(B X r), where B is the external mag
netic field. At the nonrelativistic limit (e ~ 00) Eq.
(1) reduces to the usual nonrelativistic magnetic
operators [1].

The resulting perturbation energies are then fitted
to the spin Hamiltonian

Hn=InoAnoS+S'ogoB, (2)

where a value of S = 1/2 is used to describe the

ground state Kramer doublet, In is a nuclear spi~
operator, and n denotes the apical Au(1) and termi
nal Au(2) atoms, An and 9 are its associated hyper-

fine and Zeeman tensors, respectively [15]. o

The Au(1)-Au(2) bond distances d = 2.60 A and

the apex bond angle (J = 65.7° for Au 3 were adopted
from the MRSDCI calculations, since these included

two-component spin-orbit correlated functions which

are important for clusters containing heavy atoms
[10-12].

30 Results and diseussion

The calculated total valence populations of AU3
are given in Table 1. These are reported in terms of
the atomic like spinors as calculated by a relativistic
(and its nonrelativistic limit) population analysis al
gorithm [14,17], and are also given in terms of a
Mulliken gross populations analysis, as calculated by
the MRSDCI method [10-12]. These calculations

suggest that the formal atomic charges for AU3 (2B2)

could be assigned as indicated (see footnote c in
Table 1). Interestingly, the 'three methods predict that
the apical gold atom carries the positive charge, thus
giving rise to a positive dipole moment for AU3 [10].
We should bear in mind, however, that the MRSDCI

method is a two-component Pauli-type calculation
[10-12], while the DSW-Xa is a four-vector Dirac

type calculation which reduces to a one-component
Schrodinger-type calculation at its nonrelativistic
limit (NR-Xa) [14-17]. Nevertheless, the agreement

Table 1

Total valence populations of AU3Atom

K a jObtuseObtuseMRSDCI

NR

DSW-Xa

Au(l)

-1 1/20.6690.8380.741

1
1/20.1280.160

-2
3/20.2550.165

total p

0.3830.3250.147

2
3/23.9033.839

-3
5/25.8545.764

total d

9.7579.6039.950

total Au(l)

10.80910.76610.838

Au(2)

-1 1/20.9911.1111.084

1
1/20.0950.130

-2
3/20.1900.138

totalp

0.2850.2680.113

2
3/23.9283.904

-3
5/25.8915.834

total d

9.8199.7389.885

total Au(2)

11.09511.11711.081

a The K quantum defines both [ and j through K = - aCj + 1/2)
with a = 1 for j = [ + 1/2 and a = -1 for j = [-1/2.b Mulliken gross populations analysis, see Ref. [10].e Calculated charge distributions: DSW-Xa: Au+O.234AuzO.117,NR-Xa: AU+O.19Auzo.09S, MRSDCI: AU+O.162Auzo.081.
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a Dashes indicate contributions forbidden by single point group

symmetry.

Table 2

Spin populations (SOMa)

(a) in terms of atomic spinors

Atom Spinor DSW NR

(b) in terms of Pauli decomposition
Atom 1 m DSW

Au(l)

Au(2)

Au(l) O

1
1
1
2

2
2

2
2

Au(2) O

1
1
1
2

2

2

2

2

totalMO

SI/2

PI/2

P3/2
total p

d3/2

dS/2
total d

SI/2

PI/2

P3/2
total p

d3/2

dS/2
total d

a

o
-1 0.049

O

1 0.026

-1 0.036

O

1 0.041

2

-2

O 0.306

-1 0.032

O 0.000

1 0.016

-1 0.000

O 0.002

1 0.000

2 0.010

-2 0.008

0.900

0.043

0.054

0.029

0.083

0.023

0.055

0.078

0.318

0.039

0.017

0.056

0.012

0.012

0.024

DSW

f3

0.043

0.008

0.000

0.001

0.000

0.012

0.000

0.008

0.000

0.000

0.002

0.000

0.001

0.001

0.100

0.046

0.094

0.148

0.011

0.017

0.028

0.347

0.020

0.041

0.061

0.003

0.005

0.008

NR

a

0.070

0.070

0.014

0.014

0.347

0.029

0.002

0.029

0.000

0.003

0.000

0.003

0.003

1.000

NR

f3

reported in terms of a Pauli description consisting of
spherical harmonics multiplied by spin functions. In
the latter procedure we consider only the two 'large'
components of the relativistic wave functions and
assume that the radial wave functions are the same

for j = 1+ 1/2 and j = 1- 1/2. The sum of such
Pauli spinors can be interpreted as nonrelativistic
functions of mixed spin [16]. In the nonrelativistic
limit the ratio of populations for j = 1 + 1/2 to
j = 1- 1/2 is required to be (l + 1)/1 (for 1> O)
[15,17].

One measure of the extent of spin-orbit mixing
into the relativistic SOMO is to determine the amount

of minority spin from the Pauli decomposition
scheme (se e Table 2). The SOMO level contains

small but nonnegligible amounts of minority spin,
11% of [3 spin, which is larger than the minority
spin (2.5% (3) of the corresponding obtuse Ag3

cluster [16]. This is expected, since the gold orbitals
are more affected than the silver orbitals due to

relativistic effects. We shall see later, that the origin
of these spin contaminations are mostly due to
isotropic charge contributions.

Moreover, the calculated relativistic SOMO

LUMO gap for AU3 amounts to 0.51 eV, while a
value of 0.21 eV was calculated for the obtuse Ag3

cluster [16]. Then, applying the principIes of density
functional theory [21,22], the obtuse AU3 cluster
would be harder than the corresponding obtuse Ag3

cluster, and than the acute Ag3 cluster [16]. This
argument is consistent with the fact that both obtuse
Ag3 and AU3 clusters were isolated on the C6D6

matrix, while the less stable acute Ag3 cluster was
only isolated on the N2 matrix [3-5]. To our knowl
edge there are no reports of the isolation of the acute
AU3 cluster on a different matrix. Obviously, matrix
effects will tend to distort the softer cluster [16].

Therefore, the relative softness variation is S: Ag3

eA¡) > Ag3 eB2) > AU3 (2B2).

between these calculational approaches to cluster
electranic structure is meaningful.

In the present NR-Xa and DSW-Xa spm re
stricted calculations, all the cluster spin den sities
arise fram the single occupied molecular orbital
(SOMO). Table 2 gives the calculated spin popula
tions for Au3• These are given in terms of atomic-like
spinor for j = 1/2, 3/2 and 5/2, and are also

3.1. Spin populations

As shown in Table 2, the larger relativistic and
nonrelativistic spin populations for AU3 correspond

to the 6S¡/2 (31.8%) and 6s (34.7%) spinors for the
terminal Au(2) atoms. It should be noticed that 6s

contributions for the apical Au(l) atom is forbidden
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Fig. 1. Contours of the largest component (1Jr¡) of the SOMa of

AUJ in the yz plane. Contour values (electron/bohr3)1/2 are

between +0.2124 and - 0.2124 with increments of 0.0109. Nega
tive contours are plotted as dashed lines.

.: ;'
,,' :...........

'.', ...............

The anisotropic spin population as calculated non
relativistically and relativistically are 0.306 and
0.189, respectively. Since the total resolved spin
population should be close to 1.0, the empirical
analysis assigned the remaining anisotropic spin pop

ulation in terms of nonrelativistic orbitals PSd,óp to
be near to 0.10 [4,8]. Thus, the associated relativisti

cally calculated and empirical anisotropic spin popu
lations are in close agreement, but keeping in mind
that the empirical model neglects the small
anisotropic contributions arising from the apical
Au(l) atom. These results would imply that, if the
EPR spectrum of the AUJ cluster were recorded at
4.2 K, it should show larger anisotropies than the
obtuse AgJ cluster [16].

In order to get a visual picture of the SOMa, we
plotted the largest component of the relativistic wave
function contours, which is shown in Fig. 1. The
antibonding character of the SOMa is clearly seen
and possess global 1T symmetry, characteristic for a
ZBz ground state. There is more d character mixed in
the SOMa of AuJ, than the corresponding SOMa of
AgJ [16].

Au(l)Au(2)Ptatal

Piso

NR-Xa 0.3470.694
DSW-Xa

0.0970.3570.811

empiricaI b

- 0.060- 0.420- 0.900

Paniso

NR-Xa 0.1680.0690.306
DSW-Xa

0.1070.0410.189

empirical b

_ 0.100 e

by single point symmetry, but in relativistic theory

these 6sl/z contributions (4.3%) are allowed by dou
ble point group symmetry. This interpretation is in
agreement with the small resolved hyperfine interac
tion of Au(l) [4,8].

We shall bear in mind that in Dirac and Pauli

theory the charge distribution arising from j = 1/2

(either Sl/Z or PI/Z) is spherically symmetric, and its
contributions to the magnetic interactions is isotropic.
Similarly, the contributions from j = 3/2 or 5/2
sta tes will give rise to anisotropic magnetic interac
tions since these charge distributions are nonspheri
cal [15,16]. Applying these concepts, we can esti

mate the relativistic isotropic (Piso = Pós + Póp ), 1/2 1/2

and the relativistic anisotropic (Pan iso= Póp +3/2

PSd + PSd ) spin populations for AuJ. In the non-3/2 3/2

relativistic limit these spin distributions are usually

defined like Piso= Pós and Paniso= Póp+ PSd [1,4,8].
The calculated total NR and relativistic isotropic

spin populations for the AUJ cluster can be extracted
from Table 3, and recognizing' that for a total unit

spin population should obey PAu3 = PAu(l) + 2PAu(Z)
[1-4,8].

Then, the isotropic spin population are 0.694 and
0.811 as calculated by the NR-Xa and DSW-Xa
approaches, and the value of 0.9 was empirically
deduced by EPR [8]. The relativistically calculated
(0.811) and the empirical resolved (0.9) spin popula
tions are in reasonable agreement, but it should be
noticed that the empirical estimate was obtained
from the ratio between the observed cluster hfi and

the atomic gas-phase hfi [4,8]. Therefore, the empiri
cal model neglects orbital deformation effects due to
cluster bond formation.

Table 3

Isotropic and anisotropic spin populations

a Forbidden by single point group symmetry.
b Empirically estimated by EPR, see Refs. [4] and [8].

e Assumed value to comply with a unit spin population, see Ref.
[8] and tex!.
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aSee Refs. [4) and [8).

b Reported as the isotropic part of the cluster hfi.

C Forbidden by single point group symmetry.

scribing magnetic behavior of heavy-metal clusters.
Also, we have shown that Pauli-type and Dirac-type
calculations could properly describe isotropic and
anisotropic spin populations. However, only the ap
plication of Dirac wave functions and Dirac opera
tors could adequately describe the magnetic behavior
of heavy cluster radical s since the large and small
components of the cluster wave function are coupled
together in the relativistic perturbational Hamiltonian
describing magnetic interactions (see Eq. (1».

60.3

58.0

168.5

408.3

382.9

aiso b

170.4

415.6

167.8

400.5

NR calc.

DSW calc.

expt. a,b

NR calc.

DSW calc.

expt. a,b

197Au(2)

Table 4

Hyperfine coupling constants (in G) of AU3

AII A.l
1.8 3.8

70.2 47.8

3.2. Magnetic interactions
Acknowledgement

The calculated and experimental hyperfine cou
pling constants for gold trimer are listed in Table 4.
It can be seen that the DSW-X a calculated isotropic
constant for the apical gold atom is in good agree
ment with the experimental value. However, this
isotropic contribution to the total hyperfine tensor is
forbidden by nonrelativistic symmetry (see Table 4).
Thus, the observed isotropic contribution of the api
cal Au(1) atom could be only interpreted in terms of
Dirac molecular orbital theory. It could be noted that
the DSW-Xa calculation predicts anisotropic mag

netic behavior, since AII -A.l =1=O.
The DSW-Xa and the experimental hfi tensors

for the basal Au(2) atoms are in fairly good agree
ment, but the NR-Xa value is far away from the
resolved value. However, both calculational ap
proaches predict anisotropic behavior. The calculated
anisotropies of the magnetic hyperfine tensors for
both, the apical Au(l) and the basal Au(2) atoms, are
of about 15 G, which can certainly be observed by
high resolution EPR spectroscopy [6,7]. Moreover,

the experimental isotropic negative g shift, Ll gexp =
- 0.1373 agrees with the calculated value of Ll gcalc

= - 0.1497. This large negative isotropic Ll g sug
gests that the unpaired electron in the zBz state
acquires orbital angular momentum by coupling with
the low-Iying zA! state.

4. Conclusions

In this study we have shown that the application
of nonrelativistic theories is not appropriate for de-

We thank J. Pablo Bravo-Vasquez for assistance
with part of the calculations. This work was sup
ported by Fondecyt and the Comission of the Euro
pean Communities (Contract CIl-CT93-0330CL).
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