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An experimental value of 116 % 1.1 €?a,’E,* for the static dipole polarizability of Ads deduced from the
analysis of refractivity measurements in arsenic vapor. This is in close agreement with the theoretical result
of 119.5+ 3.6 €ay’E, 1, obtained from ab initio finite-field many-body perturbation theory and coupled-
cluster calculations.

The electric dipole polarizability is a fundamental property refractivity [n(w) — 1] have been carried out at two frequencies
of atomic and molecular systems. It is of importance to the of w; = 0.071 981 2E/A~! (A; = 632.99 nm) andw,; =
rational approach to the interpretation of a wide range of 0.083 830 7Eji~! (12 = 543.516 nm) at four different number
phenomena, from intermolecular interactibagd the refractive densitiesC. (n — 1)= AN/l is determined by counting the
indexX to Rayleigh and Raman scatterihglhe universality of interference fringe shifAN during complete evaporation of the
the application®* has motivated systematic experimental and arsene sample.l/R) ~ 50 cm is the length of the sample cell,
theoretical efforts in order to obtain reliable values of the dipole which is made from fused silica. The temperature range in
polarizability. Excellent reviews on the subject are avail@ble.  \hich full evaporation was achieved lies between 850 and 880
The aim of this paper is to report the determination of the k and the maximunC of the As; vapor phase amounts to 2.7
polarizability of As from experimental measurements and , 1?4 m~3, Additionally, isothermal asymmetric white-light
accurate quantum chemical calculations. Arsenic vapor is anjnterferometry was applied after complete evaporation of the
important material in semiconductor technology. Its chemical gample in the frequency range between 0.05 and OEja1
and physical properties have been studied but very little is with a resolution of about 3.5 105 EA~L White-light
known about the electric properties of Aand As. interferometry yields a quasi-continuous refractive-index spec-

The equipment used as well as the h_'gh't?mpef?‘“ﬂfe Inter'trum, which is fixed to the two refractivitiesiw) — 1] obtained
ferometric experiments have been described in detail in ref 11. at o, andw,

To be brief, nonisothermal absolute measurements of the . . . »
It is well-established that at our experimental conditions
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As, = 2As, (¢D)]

We will estimate the influence of Asnolecules present in the
arsene vapor on our result of the dipole polarizability of,.As
We rely on the measurements of the equilibrium constant of
Drowart et a2 and Herms et @ At the lowest number density

C used in our experiments of 6.0 102 m=3 at 880 K, the
upper limit of the ratio of the partial pressurespig,/pas, <

0.004. This means that the main component of the arsene vapor

is As;, whereas Ascan be regarded as an impurity. In the
whole temperature and density range covered in our experi-

ments, ideal-gas behavior of the arsene vapor can be assumed.

Therefore, the measured refractivity 1)a of a binary mixture
of As, and As at low densities can be described by the
following mixing rule

(=1, = 2'7-[‘?'03(CA540‘AS4 + CASZO‘AS) (2)
whereCps, and Cas, are the number densities of Aand As,
respectively, an@Cas = 4Cas, + 2Cas, is the number density
of all arsene atoms present in the sampdgis the atomic unit
of length, andh is given in atomic unit3* If we now introduce
the degree of dissociatiap, which can be calculated from the
equilibrium constant?'3 the dipole polarizability of As is
related to

& =a, =(1— @)on + 200, =
— U= As, As, —
(278,°) (Cad4) ) N
Ops, T P(200s) — Qpg) = Otpg + @A (3)

wherean is the apparent polarizability of the arsene vapor. In
a previous papét one of us has obtained an approximate
relationship between the change of the dipole polarizability in
the course of a chemical reaction and the bond dissociation
energy. Using a dissociation energy of 0.0862 (227.6 kJ
mol1) in eq 1, we yield a difference in the polarizabilities of
Ao = 20ps, — Ops, = —3.1€%a°Ex L, which is approximately
2.5% of the polarizability of A The order of magnitude of
Ao compares favorably well witho ~ 4.5 €2a,’E,, ! obtained

by quantum chemical calculations (unpublished results gn As
by G. Maroulis and P. Karamanis). Wita = 0.004, the
correction |pAo| amounts to~ 0.02 €ap’Ent, which is
completely negligible compared tg, ~ 125€%a,°E,~* and also
negligible in view of the accuracy of our measurements, which
is on the order of 1%. Therefore, without any significant loss
of accuracy, the polarizability of Ass related to the measured
refractivity (h — 1) via the relationship

A

C
[N(@.T) = 1a = 273" o(@.T) Q)

Our experiments yield a thermal averdggw)F = o(w,T)
of the dipole polarizability of arsene. AT = 870 K the

nonisothermal absolute measurements yield the dipole polariz-

abilities [0(w1)F = 122.72+ 0.37 €2a’En ! and lo(w)F =
125.004+ 0.39€%a?E~L. These values are shown in Figure 1
(full circles) together with the quasi-continuously recorded
polarizabilities of our white-light interferometric experiments
(full curve). In order to obtain the static dipole polarizability
we have fitted the frequency-dependent polarizabiliti¢s)

by a three-term Cauchy formula

[@(0)3 = S{(-2) + S{(—4)0° + S{(-6)"  (5)
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Figure 1. Frequency dependence of the mean dipole polarizability of
As,. ®, Absolute measurements:, results from white-light interfer-
ometry; ---, fitted curve, according to eq 6 (all this work),
measurements by Cuthbertson and Metcalfe (ref 15).

and by a one-term Kramerdeisenberg dispersion formula

2

_ Wor
[6(w)3 = [(0)F PR
oT

(6)

In particular we ge6r (—2) = 116.6384- 0.011€’a0’E, L, St
(—4) = 1149.0+ 4.4h?Eas’En 3, Sr (—6) = (5.024 0.41) x

10 A*eag’En 5, and [@(0)F = 116.7966+ 0.0034€%a0%En 1,

wor = 0.327 9694 0.000 089/ L, respectively. In both fits

an average deviation of 0.02%ay?E, ! is obtained. From
experiment, we advance with a static dipole polarizability of
As, of [0(0)F = 116.74+ 1.1 %ap?Er L at T = 870 K. In this
final result we have included a 1% uncertainty due to our
measurements of the refractivity of the arsene vapowe
compare our results with polarizabilities obtained from measure-
ments of the refractive index of arsene vapor reported by
Cuthbertson and Metcalfé who obtainedd(0.077 3164 1)
123.4 and 122.8%a,°En 1 and[d(0.083 41%Eh 13 =125.4

and 124.8%a,?En L, respectively. Figure 1 shows that these
polarizabilities are close to ours (open circles). However, the
frequency dependence afw) and especially the static value
a(0) can hardly be obtained from these older results. As in the
case of many other nonabsorbing substances, the effective
transition frequencygr of the single-term KramersHeisenberg
dispersion formula lies in the vicinity of the ionization potential
Ip, where the most recent value for Ais Ip = 0.32 192E;.16

In order to compare the static polarizability obtained in the
calculations and in the experiments, it is essential to adapt both
results to the same temperature. At moderate temperatures
electronic excitations can be neglected, andhanges due to
temperature-dependent vibratierotatiort” and black-body
radiation effectd®1°® The latter leads to an increase of the
measured dipole polarizabilify(0)F of 0.16e?a,?En 1 at 870
K compared to th 0 K value.

We have also determined the dipole polarizability ofsAs
relying on finite-field many-body perturbation theory (MP) and
coupled-cluster (CC) calculations with carefully optimized basis
sets of Gaussian-type functions (GTF). Our first goal was to
obtain a reliable estimate of the Hartreleock limit of the
polarizability. We used three initial basis sets for As. The first
(hereafter AO) consists of (12s9p3d) primitive GTF contracted
to [4s3p1dP° It was augmented to [5s4pld] by the addition
of diffuse 1slp GTF. A d-GTF was added on [5s4pld], and
its exponent was chosen to maximize the dipole polarizability.
The resulting [5s4p2d] (hereafter A1) was augmented further
to [5s4p3d] (A2) and [5s4p3dif] (A3} A second basis set
(15s11p5d)[6s4p1d] (hereafter BB)with the addition of 2s2p
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TABLE 1: Dependence of the Electric Octopole Q/ea?) TABLE 2: Electron Correlation Corrections for the Dipole

and Hexadecapole ®/ea*) Moment and Dipole Polarizability of Asz?

Polarizability (o/e?ay?En~1) of As, on Basis Set Type and Size correlated

at th-e SCF Lev.el _Of Theory basis description molecular orbitals ~ SCF D2 MP2
basis _ descripion CGTF € @ ¢ Al [5s4p2dy 37-108 110.68  2.67 113.35
Al [5s4p2d] 108 9.05 -—81.65 110.68 B3 [8s6p3d1f] 57192 118.37 1.59 119.96
A2 [5s4p3d] 128 6.32 —67.96  111.39 Cl  [7s6p3d] 37160 117.95  1.52 119.46
A3 [5s4p3d1f] 156 —1.96 —35.91 114.60 Cc2 [7s6p3d1f] 37188 118.61 0.53 119.14
Bl [8s6p2d] 144 —-3.22 —41.60 117.52 C3 [7s6p4d] 37180 119.10 —0.23 118.88
B2 [8s6p3d] 164 —2.35 —39.89  118.10 C4  [7s6p4dif] 57208 11929  1.23 12052
B3 [8s6p3d1f] 192 —3.76 —36.87 118.37 C5 [7s6p4d2f] 57236 119.46 0.83 120.29
B4 [8s6p4d] 184  -252 —38.09 11821 C6  [7sBp5d2f] 57256 119.51  0.83 120.35
B5 [8s6p4d1f] 212 —-3.71 —36.15 118.40 L . . .
B6 [8s6p4d2f] 240 —-374 —35.17 118.42 a All properties in atomic units® Higher levels of theory for Al:
Cc1 [7s6p3d] 160 —0.98 -53.17 117.94 MP3 = 112.35, MP4= 114.92, CCSD= 113.13, and CCSD(T¥
C2  [7s6p3dif] 188 —6.75 —19.23  118.61 114.27€%a0Eq .
C3 [7s6p4d] 180 0.01 -—-49.74 119.10
Cc4 [7s6p4d1if] 208 —164 —43.98 119.29 correlation increases the value afby a few percent, while
gg [;Sgpgggﬂ gég :ggi :ié-gg ﬁg-g? MP2 giveso/e?a?En~t = 113.35, which is quite close to the
c7 %726860” f 220  -018 -4956 11927 CCSD(T) value of 114.27. We used even larger basis sets to
cs [7s6p6d1f] 248  —150 —4285 11944 calculate MP2 values of the dipole polarizability. The large

C9 [7s6p6d2f] 276  —2.49 —40.79  119.52 B3 set gives 118.37 (SCF) and 119.96 (MR23’En"1, an
a . _ . increase of just 1.3%. Next, observe the trends in the values
in atEO):ﬁﬁ:nmﬁtr:_al molecular geometRs—ss = 2.435 A. All properties obtained with basis sets €L6: from C1 to C2 and from C3
to C6 the increase of the SCF falls to 0.7%. Thus, we gather,
as we may, that the electron correlation effects on the dipole
diffuse GTF, subsequent optimization of a d-GTF (as above), polarizability of As, do not exceed 1% of the SCF value.
and further addition of more d- and -GTF gave the seriesB1  Consequently, we propose a theoretical estimatec.of
B6. The last basis set was a (17s13p6d)[6s5p2d] (CO) TZV 119.5(3.6)e’ap’En2. It is both interesting and instructive to
set?® Enlarged systematically, as described above, it gave the compare this value to the polarizability of four As atoms. With
series CEC9. In Table 1 we display the dependence of the an atom polarizabilitf aas = 29.1 €?a®En 2, we obtainaas,
electric propertie¥ of As, on basis set size. We have added — 4aas = 3.1 €a’En~2, an excess polarizability of no more
the electric octopole®) and hexadecapol@) moment as these  than 2.6% of the total Asvalue. We note that we have
properties are sensitive measures of the quality of the wave neglected averaging over the ground vibrational state. We have
function. All properties pertain to the experimental bond length not taken into account the relativistic effects anbut their
of Ras—as = 2.435 A25 The standard orientation is adopted inclusion in the case of BrCNwas found to change the dipole
for this tetrahedral molecule, with the origin at (0, 0, 0) and the polarizability by significantly less than 1%.

four arsenic atoms on the directions defined by the origin and  |n conclusion, we have determined the static dipole polariz-

the points (1, 1, 1), (151, -1), (-1, 1,-1),and €1, -1, 1). ability of As, from refractivity measurements and ab initio
The GAUSSIAN 92 set of prograrffswas used in all calcula-  guantum chemical calculations. Despite the difficulty of the
tions. endeavor, the two approaches converge remarkably well:

It is obvious from Table 1 that the electric properties offAs  experiment gives 116.7(1.&Ja,’En 1, while theory suggests a
are strongly basis set dependent at the self-consistent field (SCFyalue of 119.5(3.68°as’En~1. The study of clusters constitutes
level. The presence of f-GTF changes drastically the calculateda very active field2-35 but very little is known about the electric
electric moments. We expect the large B6 [8s6p4d2f] and C9 properties of these systems. We hope that this work provides
[7s6p6d2f] basis sets to yield values @f and ® reasonably useful insights and valuable information about the possibilities
close to the respective HartreBock limit. Relying on the C9 and the perspectives.
values, we advance as estimates of this lifditc —2.5+ 0.5
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