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The A'S™ potential energy curve of AgH is studied by means of the second-order multistate
multireference perturbation theory including the spin—orbit and relativistic effects. The anomalous
behavior of the vibrational energy levels observed in experiment is reproduced well by theory. An
analysis of theA 13" wave function shows that at the internuclear distance of 4—6 A, a partial
electron transfer from thefd orbital of silver to the % orbital of hydrogen occurs. This admixture

of the ionic-like[core] 4dlolsﬁ configuration occurring irA 13" due to two avoided crossings,
namelyX 13 * with A1+ andA 3™ with C13 ", is found to be responsible for the unusual shape

of the A3 potential energy curve: the effective potential is a superposition of a Morse-like
covalent interaction between Ag and H, and the electrostatic ionic-like interaction betwéeanég

H™. We present spectroscopic parameters, vibrational levels, and rotational constants computed for
a large number of vibrational levels and observe good agreement with available experimental data.
The equilibrium distance agrees within 0.01 A and the vibrational frequency within 66 fomthe
state-specific calculations. Larger relative discrepancy is observeaar, about 30 cm?,
however the non-Morse-like nature of the energy curve makes it impossible to describe the levels
only with w and weXe, SO that direct comparison is not well defined. 2002 American Institute

of Physics. [DOI: 10.1063/1.1465403

I. INTRODUCTION Learner® he explains the irregularities of the spectrum in
The peculiar shape of the IS * potential energy curve terms of an anomalous potential for the'S " state. His
P P P gy otential is constructed by means of several techniques.

of AgH attracted some attention over the last 70 years. Firsi I : .
experimental work oA S+ was done by Bengtsson and round equilibrium, a Morse curve is used employing the
Olssort in 1931. They analyzed tha S —X 1S * emis- constants derived for the Dunham function for 1,2,3; this

) d\_/lorse curve is also used to determine &, * potential at

sion spectra and determined vibrational levels and spectr i For | di h ial is derived
scopic parameters for both investigated states. One of theﬁhort Istances. For larger distances, the potential is derive

findings was an anomalous behavior of vibrational levels fot!SINg Klein's method, which was used to det.ermlne the half
A'S* well illustrated in the Birge—Sponer diagram. In this width of the curve at alb from 4 to 7 by graphical methods,
plot, showing a relationship between the vibrational interva@"d forv=10 andv=16 by means of unobserved levels
AG(v+ 1) and the vibrational quantum numhberthe vibra-  inferred from the modified Birge—Sponer diagram. The con-
tional levels withv=4, v=>5, andv=6 deviate strongly Structed curve is very different from the usual potential ob-
from the usual linear shape characteristic for Morse-like posServed for diatomic systems. Its shape is explained by
tentials. Similar behavior is also found for rotational con-Learner in terms of an avoided crossing of the* states
stants. Geroand Schmi@ suggested in 1943 that this arising from the atomiéP and?D states of silver. However,
anomaly results from perturbations caused by B *  Ringstran and Aslund’ did not support this hypothesis in
state. However, as noted by Learfiesuch perturbation is their experimental investigation of the low-lying states of
usually on the order of a few cm, while for A'S* the AgH: B'S ™, arising from the’D state of Ag, was found to
levels are displaced by several thousand wave numberbave a similar characteristic to other states arising ff@m
Moreover, the experimental investigation BfS " done by Theoretical investigation of potential energy curves of
Ringstran and Aslund' in 1965 shows no evident signs of AgH is challenging: it requires simultaneous account for
such a perturbation. A different approach is presented byelativistic, correlation, and spin—orbit effects. Hess and
Chandra performed spin-free relativistic Cl calculations on

Iy + ; ;
dAuthor to whom correspondence should be addressed; electronic mai'F:he_A %" potential energy curve of AgH qnly near th? equi-
cedziu@qcl.t.u-tokyo.ac.jp librium geometry. In this region, the obtained potential does
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not show any peculiarities. Extensive study of the potentialFABLE '-2Basis set for Ag: contracted functiong,=3;cqx™y"™z"
energy curves arising from the atorﬁiS, zp’ and?D states X exp(—¢r9), wheren,+ny+n,=1, the orbital angular momentum.
of silver is performed by Witelet al® by means of relativ- Tvoe Z

. . . . . Cii %] Csi
istic multireference perturbation theory combined with the
spin-orbit complete active spa¢€AS) configuration inter- S 324675926 0.000542 ~0.000 180 0.000078
ion (CI) method. The calculated 'S * curve exhibits : 39589108 0000974 —0.000824 .99 199
action (Cl) method. : s 115427038 0.001246 —0.000420  0.000 185
similar qualitative features to the curve obtained by Learner, s 415 826.859 0.002 222 —0.000 740 0.000 314
however, the flat plateau in Learner’s curve is replaced by a s 163 308.086 0.003914 —0.001339  0.000 597
mild slope in the theoretical potential. s gg 965-2884 8-807 352 —8-882 42; 8-88; 043
N : s 144.8955 .015592 —0.005 4 .002 41
No v(;brauongl Ie nergy levels V\;]ere dca-lc.glategl for ne_|ther s 12 012.8492 0.033185 —0.011566  0.005015
propose potent|f1 s+. T erefore, the definitive discussion of ¢ 5180.307 34 0074581 —0.027303 0012041
the shape of th& *X " potential energy curve of AgH would s 2250.034 66 0.157 571 —0.060 618 0.026 903
require solving the nuclear motion problem and comparing s 982.415 082 0.291443 —0.129541  0.058 476
obtained vibrational levels with experiment. The present S 430.630 645 0.368 624 —0.209155  0.099 146
; : - 189.332 726 0.200936 —0.140217  0.069 328
work brings sugh a comparison. The use of a larger active . 834404030 0016547 0377 390-0.247 406
space and multistate formalism allows the authors to deter-
mine an accurat& '3 * potential energy curve. A numerical P 66 817.8807 0.000474 —0.000215  0.000 085
scheme is used to solve the nuclear motion problem for all P 1%2;;-232723 8-88; ;;g _8'88(2) 47123 8-888 ggg
. . . p . . —0. .
potential energy curves, the one derived grapr_ucally. by 0 1422 018 68 0.018 722 —0.008 659  0.003 408
L.earner and the ones computed by us. The obtained V|bra}—p 595.962 652 0.061270 —0.028966  0.011581
tional levels and rotational constants are compared to experi- p 258.525 284 0.173076 —0.085091  0.033871
mental data. A detailed analysis of the!> " electronic p 114.377 718 0.360471 —0.188881  0.077 184
wave function is also performed in order to explain the un- P 51.2302340 0406531 -0.209679  0.082912
usual shape of the potential p 231353250  0.154161  0.150337-0.084 853
P P : p 10.5079960  0.008640  0.605149—0.363 821
d 889.273 645 0.001 778 —0.000 566
d 265.332 034 0.013192 —0.004 246
Il. COMPUTATIONAL METHODS d 105.807 387 0.058 257 —0.018 807
i _ d 453665020  0.188273 —0.062 103
A. Computatlon of the pOtentIal energy curves d 20.024 0450 0.377 840 —0.121 915
d 8.96740800 0.413059 —0.116 052

The primitive basis set for Ag is constructed by optimiz-
ing a 2%14p11d set with respect to the average energy for
the two states?S(d'%) and?D(d%s?). This is done at the

self-consistent field(SCH level with the second order onAgand & orbital on H, with the addition of one orbital of

Douglas—Kroll Hamiltoniar. The generator formula the o symmetry that is mostly of §Ag) character. We try
IN(Z)=c_,/k+cotcik, k=1,2,... 2.1) two §(;hemes of state—averggir@:) orbital_s are optimized

specifically for the state of interest2) orbitals are equally

is used and the three parameters;, ¢, andc; are opti-  averaged over seven singlet statesjual weight for each

mized. The 2814p11d set is augmented to a @47p12d set  state componehtarising from the2$(55), 2p, 2D, and

to yield a good and balanced description of the three state®g(6s) levels of Ag, namely the ¥*, 213*, 313+,

23(d'%), 2D(d%?), and?P(d'%) at the averaged coupled 413+ 1A, 11, and 21 states of AgH. In order to

pair functiona (ACPP) level. The extension is done by con- prevent variational collapse to the ground state in the case of

tinuing the generator formula above. A polarizing set consistthe state-specific orbitals, we added 3% of the ground state

ing of 4f3g functions is optimized as an even-tempered setensity.

with respect to the average energy 48(d*%), *D(d’s?) To take into account dynamical correlation, we use the

and?P(d'%p) at the ACPF level. The primitives with largest recently developed spin—orbit multiconfigurational ~self-

exponent are contracted at the restricted Hartree—Fock level

using the relativistic elimination of small componéRESQ

Hamiltonian® (14s10p6d) contracted td 3s3p2d], the re- TABLE II. Basis set for Ag, exponents for uncontracted functions.

maining exponents are left uncontracted,s2j96d4f3g. 0 d p 9

The resultant basis set is given in Tables | and II. The basis

set used for H is cc-pVQ¥ 36.8426670 4.79268400 4.04931200 3.37385088 3.25214021

g 16.2927800 2.19279800 1.83799800 151912380 1.48527232

In order to treat reIauwsgc effects, we e.mp'OY the .RESC7.214 24100 1.00569300 0.83716000 0.68400686 0.67833295
method. Internal uncontraction of the atomic orbitals in con-3 19775800 046212000 0.38222700 0.307 983 71
structing the RESC matrices is used throughout, to improve 41868900 0.21266800 0.174 82300
resolution of the identity used in RESC. The molecular or-0.62988000 0.097 99000 0.080 066 00
bital space is chosen in spherical harmonics. In order to opg-zgg ggg 88 0.04519700
timize the orbitals, we use the CAS self-consistent field®124

11 . : 0.055 324 00
(CASSCH method.” The active space always consists of 11 0461500

orbitals and 10 electrons corresponding @545p orbitals
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consistent field second-order quasidegenerate perturbatich SO-MCQDPT with orbitals from state-specific

theory*? (SO-MCQDPT. The spin—orbit couplingSOQ ef-  CASSCF (CAS-b)

fects are thus carefully considered, including dynamical cor- | jke in the CASa case, we average 3% 'S " and
relation effects on SOC. We use the two-electron operato§7o, of A1S*. By using a different set of starting orbitals,
arising from the Breit—Pauli Hamlltor"dﬁ,the one-electron we have been able to converge CASSCF to the 11 orbitals
operator is taken from the spin-dependent one-electrogorresponding to d5s5p6s of Ag and Is of H. The 4s and
RESC Hamiltonian, that adds further relativistic transforma-4p core orbitals of Ag are correlated using MCQDPT. Simi-
tion of the Breit—Pauli Hamiltonian. In the SO-MCQDPT |a/ly to the CASa case, two virtual B, and 5, orbitals are

calculations we include all the Ostates, corresponding at heavily mixed with the 8 and 4f orbitals on Ag of the same
the dissociation limit to théS(SS), 2P, 2D, and ZS(GS) molecular symmetry_

terms of Ag; namely, the 3%, 213, 313+, 413+,
3 3 1A H
1°M, and 2°I1 states of AgH"A is also included a!though 3. SO-MCQDPT with the state-averaged CASSCF
it hasQ) =2 and does not couple to the Gtates. We include orbitals
it to avoid otherwise necessary geometry-dependent hand

manipulations excluding this state from other states of the DU€ !0 state averaging, which effectively populates all
same symmetry in £ . Since it does not couple to any 0 active orbitals, the converged CASSCF orbitals correspond

state it has no direct influence upon the resufiere is, Perfectly to 415s5p6s on Ag and E on H. Since prelimi-
however, some small influence through the orbital canonicalfy calculations showed a very small effect of core correla-
ization procedure in MCQDPJ The orbitals used in SO— tion we do not correlate thesdand 4p orbitals on Ag in the

MCQDPT calculations are taken from CAS; we canonicalizeVICQDPT calculation. _
them using the generalized Fock operator with the one- AS perturbation theories are known to suffer from in-
particle density averaged over all the states included in Solfuder states, we use the recently developed intruder state
MCQDPT. avoidance(ISA) technique* The two shift parameters used
Now we describe in detail the difference between several? SA are set to 0.02 for the spin-free terms, and 0.1 for the

ways to do CASSCF and SO—MCQDPT that we have triedSPIN—0rbit terms. As found by Witekt al,* these values
have only a very small effect upon the second-order multi-

1. SO-MCQDPT with orbitals from state-specific refere_nce Mo IIer-PIesse; perturbation theQMRMP)15‘18
CASSCF (CAS-a) energies, except Whe_re intruder states are _pregent; ISA pro-
N . duces smooth potential energy curves eliminating problems
,In CASSCF, we have averaged 3%0t% " and 97% of  rejated to the quasidegeneracies occurring in the spectrum of
A“X™. In the CASSCF optimization we have 11 orbitals: Six the zeroth-order Hamiltonian. In our calculations, we find an
a;, Oneap, two by and twob,, in Cp,. The converged jntryder state located very close to the equilibrium distance
orbitals correspond todbs5p6s of Ag and Is of H except  that came in through the off-diagonal elements of the effec-
for one orbital switch, namely the corggorbital replacing  tiye MCQDPT Hamiltonian. This type of intruder states is
the active 4,2 orbital. The occupation number op4is  more complex compared to the MRMP intruder states.
very close to 2 at all distances; similarly, we have found in  Eqy all the calculations of potential energy surfaces, the
calculations where d,>_,> is present in the active space gavess® suite of programs is used. An analytical function
(CAS+) that its occupation number is also very close t0 2.incjyding the Morse potential and linear combinations of
The discrepancies between the CA%nd CASb potential  Gaussians, is fitted to the calculated energies. This analytical
energy curves that are given in Sec. Ill A come from twofit is then used to compute numerically the vibrational energy
sources. First, thed}._,>—4p, orbital switch provides an |eye|s(see below Rotational constant8, are computed by
extra freedom in taking into account nondynamical correla,ymerical integration ofB=1/2uR? with the vibrational

tion: the chemically active @, orbital is more important for  gjgenfunctionsy, (R). Here,u=0.998 412 89 is the reduced
description of ther bond inA*S* of AgH than the chemi-  mass andR the internuclear separation.

cally passive 4,._,2 orbital; the difference, however, is
rather small. The second difference is somewhat larger and g Computation of vibrational levels

comes from different ways of treating dynamical correlation

in the MCQDPT calculations where the CASand CASb We solve the nuclear Schiimger equation in the adia-
wave functions are used as a reference function. As can deatic approximation for theA'S " state, which is repre-
seen below, the inclusion of thep4 orbital into the active  sented by the analytical fit. The determination of the vibra-
space turns out to be a significant improvement in describingional energy levels is made by direct diagonalization of the
the A'S ™ state, as the shelf-like part of the potential is veryHamiltonian matrix. The basis set used consists of sine func-
sensitive to the correlation @, orbitals. In theA'S " state tions|S,), n=1,.N

of AgH, the 5p, orbital is populated but the g and %, > nm(R—R.)

orbitals on Ag are unoccupied; because of that the two un-  (R|S )= sin , (2.2
occupied P, and 5, orbitals are heavily mixed with & R.-R-" (R-—R.)

and 4f orbitals on Ag of the same molecular symmetry. for which the kinetic energy operator is diagonal

Thus, this approach, while getting state-specific orbitals for 5 )

the state of primary interestA(! "), does not treat high- _ d_|5n>: L 1S (2.3
lying excited states equally well. dR? (R-—R.)?"™" '
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This spectral representation is associated to the discrete vari-
able representatiéfi** (DVR), |R,), p=1,...P, by means of
the collocation matrix

/| 2 nm(R,—R.)
Upn= P+1S'n R.-R.) (2.9

In this DVR, based on the regular grilR,=R-+p(R-
-R.)/(P+1),p=1,...P}, the matrix representation of the
potential operator is diagonal. Therefore, one can easily ex-
press the matrix elements for the potential in the initial sine
basis set

energy [cm™']

P
<SnIV(R>|:~:nr>=pZ1 UpnV(RY)U - (2.5)

The Hamiltonian matrix in thé¢S,) basis set is obtained by
adding the kinetidEq. (2.3)] and the potentialEq. (2.5)]

terms; its diagonalization yields vibrational levéésgenval- o1V, L

ue9 and nuclear wave functiongigenvectors 2 3 4 5 6 7 8 9 10
The accuracy of the collocation scheme is controlled

by using a larger number of grid poinBsthan the number distance [A]

of the initial sine functionsN. The choice of the range

[R-,R.] is made such as the eigenfunctions of interest ar&'G- 1. Six lowest 0 states obtained from the SO-MCQDPT calculation
using the state-averaged orbitals. Avoided crossings responsible for the un-

null outside the working bO_X. The _Values of the param- g g shape of th& 13" potential are plotted schematically using dotted
eters used for the computation of vibrational levels of theéines. The dissociation limit corresponding to Mg~ (the highest dotted
A 12* state of AgH are N=191, P=195, and line) is out of the range of this plot.

[R.,R-]=[1.058 354 A,9.525 186 A

1—obtained by fitting the equilibrium and dissociation parts

IIl. RESULTS of the curves to the Morse potential—are listed in Table Il
along with experimental and the previ8ukeoretical results.
We note that the small bumps occurring in the third €tate

Potential energy curves of the lowest siX Gtates of in Fig. 1 correspond to the removed intruder states that
AgH calculated using the SO—MCQDPT method with a setheavily plague that particular excited state.
of state-averaged CASSCF orbitals are shown in Fig. 1. The The SO-MCQDPT calculations with a set of state-
two lowest and two highest curves correspond to thé specific orbitals yield a noticeably more accurate potential
states; the other two are the @omponents of the twdll for theA 'S ™ state, compared to the state-averaged CASSCF
states. As readily seen from Fig. 1, the!S™ curve—  orbitals. We have performed many different sets of prelimi-
corresponding to the second @urve in the SO—MCQDPT nary calculations employing different active spaces and ca-
calculations—has a rather peculiar shape. As we show belowonicalization schemes; we have also used different ways of
this shape is due to avoided crossings. The dominant elecorrelating the core orbitals. The best potential—in terms of
tronic configuration for this state igcorel4d'®cto*! at its vibrational levels—is obtained in calculations denoted by
short distances ar[d:ore]4d105plls&| at long distances. For CAS-a (see Sec. Il AL Spectroscopic parameters obtained
intermediate distances—where the observed peculiarity ifior this potential are listed in Table IV together with the
the A'S* curve occurs—a large contribution of the ionic- results for the state-specific CASand state-averaged poten-
like [core]4dlolsﬁ configuration is found. This configura- tials. The correspondence of the CASpotential spectro-
tion corresponds at smaller distances to the dominant corscopic parameters to the experiment is good excepbfqr
figuration of the X!3* ground state, namely to which is overestimated by 200 ¢rh Very good value ofv,
[corel4d®2. Therefore, at the region of 2.5-3.5 A, an is found for the CASb potential: the difference to the experi-
avoided crossing of th&'S" and A'S™ states occurs; ment is only 60 cm'. The CASb potential reproduces the
schematical curves corresponding to noninteracting configuequilibrium region very well, while rather large discrepan-
rations are plotted in Fig. 1 using a dotted line. Anothercies are observed for longer internuclear separations. The
avoided crossing occurs at the distance around 5 A: theotential energy curve for the '3 " state of AgH calculated
analysis of theA 13" andC 3 wave functions shows that with the state-specific CA&-orbitals is shown in Fig. 2 at
their main configurations interchange; a schematical plot corvarious levels of theory. Dynamic correlation is shown to
responding to this avoided crossing is also given in Fig. Iplay a very important role foA 'S ": the dissociation limit
with a dotted line. A detailed analysis of the'S " state is shifted up by more than 6500 ¢hand the potential is
wave function is performed in Sec. Ill C, for the calculationsmuch steeper. Coupling of th& " states after including
employing a set of the CA&-state-specific CASSCF orbit- dynamical correlation is found to have a rather small influ-
als. Spectroscopic parameters for the states from Figence on the potential: the MRMP and MCQDPT curves dif-

A. Potential energy surfaces
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25000 has been digitized manually. Such a procedure introduces
—— CAS,S0-CAS some error, thus the vibrational levels and rotational con-
"""""""" MRMP stants calculated for this potential have only an approximate
character. The analytical form of the fitted potentials is given
in Table V as a sum of a Morse potential and a number of
Gaussian-like terms. The calculated vibrational levels for all
investigated potentials are listed in Table VI; the calculated
rotational constants are given in Table VII. The potential
energy curves are plotted in Fig. 3. For each curve, the low-
est ten vibrational levels are displayed; the levels for which
the experimental data exist are plotted using solid lines. A
direct comparison of calculated and experimental vibrational
levels is rather tedious; a much clearer picture is often ob-
tained from the Birge—Sponer diagram. This plot, giving a
relationship between the vibrational inten®G (v + 3) and
the vibrational quantum number, is shown in Fig. 4. As
readily visible, the approximately linear relationship ex-
pected for the usual Morse-like potential is preserved only
distance [A] for the lowest vibrational_levels. For higher levels, a ch_ange

in the slope of the curve is observed for both the experimen-
FIG. 2. Potential energy curve for te'S * state of AgH at different levels  tal and the calculated potentials. A similar feature is observed
of .theory._ The dynamical qo_rrelation effects are very significant, while thegq the rotational constantB. in Fig. 5: the usual linear
spin—orbit effects are negligible. . v .

character of the relationship betweBp andv is preserved

only for the lowest few vibrational levels.

fer only in the dissociation region. As can be seen from Fig.  None of the presented potentials reproduces the experi-
2__where the curves for the CAS and SO—CAS calculationdnental results exactly; the best correspondence is found for
and for the MCQDPT and SO—MCQDPT calculations the CASa state-specific SO-MCQDPT potential presented
coincide—the spin—orbit effects do not modify tAe'S * in F_ig. 3(b). Despite _its tqo large steepness in the equilibrium
potential, either on the nondynamical or dynamical correlal€gion—the CASa vibrational levels are located a few hun-
tion level; the effect of spin—orbit coupling is of the order of dréd wave numbers over the experimental levels—all the
10 cmi ! except for the dissociation limit, where it increases characteristic features observed in the experiment are repro-
to several hundreds, having a very weak influence upon thduced well. Ther dependence of vibrational intervals in Fig.

low vibrational levels but some influence upon the dissocia# a@nd rotational constants in Fig. 5 is similar to the experi-
tion energy. mental dependence. Moreover, the largest change in the

slope of the CAS curves presented in Figs. 4 and 5 is
observed forv =5, similarly, to the experiment. Therefore,
we conclude that among all the investigated potentials, the
Vibrational levels and rotational constantst>* are  SO-MCQDPT curve obtained using a set of the CAS-
calculated for the following SO-MCQDPT potentials: statestate-specific orbitalgFig. 3(b)] is the best approximation to
averaged SA, state-specific CASand state-specific CAB-  the real potential energy surface.
For completeness of our study, we have also included in our We should devote(for the end of this sectionsome
investigations the semiempirical potential constructedattention to vibrational levels and rotational constants ob-
graphically by Learnet.Since no numerical data are avail- tained for the potential shown in Fig(&. This curve was
able for this potential, the curve presented in Fig. 3 of Ref. Aerived graphically by Learn&pn the basis of the observed

—— MCQDPT,SO-MCQDPT

20000

15000

10000

energy [cm™']

5000

B. Vibrational levels and rotational constants

20000

15000 [

FIG. 3. Potential energy curve for the'S " state of
AgH: (a) constructed graphically by LearnéRef. 3,

(b) calculated using SO-MCQDPT with the CAS-
state-specific orbitals, an¢c) calculated using SO—
MCQDPT with the state-averaged orbitals. Vibrational
levels for each curve are obtained by numerical integra-
tion. Levels printed with dotted line were not observed
in experiment.

10000 [

energy [ecm™']

5000 |

distance [A]
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TABLE Ill. Spectroscopic constants for the’ Gtates of AgH(theoretical values assuming the Morse potential
shape near the equilibriym*“Label” represents majoiLS coupling state in the given 0 state. T, are the
excitation energiegfrom the minimum of the ground state to the minimum of the excited stateare
equilibrium distancesB,, are rotational constantB,, are dissociation energies, and andwx, are vibrational
constants. All quoted experimental, values were obtained from, values usind.=D,+ w/2. In the case
of two subscripts oveD, values, the first indicates the reference g and the second fow,. Calculated
values ofB, were computed usinB,= 1/2;Lr§. Value with 0 subscript indicate constants with: 0 rather than
at the equilibrium(e.g., B, instead ofB,). Uncertain experimental values are marked with< and ? signs.

Label T, (cm™) re (A) B. cm™)  Do(em™)  w, (emY)  wex, (cmY
calc? 0 1.564 6.904 20387.0 2073.0 52.7
X3 calc? 1.620 6.43 1902.0
exp. 0 1.618 6.449 21200 1759.9 34.06
calc® 32208.0 1.717 5.730 18544.0 1422.0 27.3
ASt  calc? 1.604 6.56 1805.0
exp. 29959.0  1.638°1.665 6.26% 19 106¢ 1663.6 87.C
calc®  44305.0 1.594 6.644 7341.0 1620.0 89.4
alll  calc? 1.594 6.64 1742.0
exp.  41700.6 <1.64 >6.37 >9700'¢ 14507 507
calc?  48490.0 1.845 4.960 4153.0 1198.0 86.4
c, 3  calc? 1.813 5.13 1320.0
exp. 474728 1.85' >4.951 7500
calc? 54236.0 2.093 3.856 3033.0 1026.0 86.8
B>t calc? 2.050 4.01 1271.0
exp. 445108 1.862 4.87 6600.0 1220.0 65.0'
C'S* calc? 58218.0 4.596 0.7995  10026.0 433.0 4.7

8S0-MCQDPT with state averaged orbitélsis work).
PMRMP with state specific orbitals, by Witeit al. (Ref. 6.
“Huber and Herzber¢Ref. 22.

“Ringstron and Aslund (Ref. 4.

®Bengtsson and OlssdiRef. 1).

fLearner(Ref. 3, Dy=18 250.G- 500 cn .

vibrational levels; two unobserved levels—wiih=10 and  most visible from Figs. 4 and 5: the curves corresponding to
v=16—that were inferred from the modified Birge—SponerLearner’s potential differ distinctly from the other presented
diagram were used as wellFor more details, see Ref) 3 curves. The difference is largest for=6 where a sharp,
Learner did not calculate any vibrational levels for the po-unphysical change of the vibrational interval curve is ob-
tential he proposed; an attempt to obtain them was made, bserved. These large discrepancies can have a source only in
numerical difficulties and “lack of time prevented an ad- the wrong form of the potential, both in the equilibrium and
equate investigation of this problent”Vibrational levels the shelf-like regions; errors related to a process of manual
and rotational constants corresponding to the potential sugcanning are only on the order of a few chand they are
gested by Learner are calculated in the present study; theioo small to bring about such big discrepancies in the calcu-
correspondence to the experiment is rather crude. This ikted vibrational levels and rotational constants.

7
—_ 1500 experiment experiment
T I\ e potential suggested by Learner — 6 potential suggested by Learner
S, 1300 10NN +—— SO-MCQDPT (CAS-a, specific) potential £ —— SO-MCQDPT (CAS-a, specific) potential
o —— SO-MCQDPT (averaged) potential 2 —— SO-MCQDPT (averaged) potential
$ 1100 o 51
2 -
9 1 5
=z 900 = 4 ]
g 5
5 700 4 °
£ g 3
S 500 s 1L T,
S — prenasmsaanses
(=) ]
£ 300 S 23
> o] 5 10 15 20 ] 5 10 15 20
vibrational quantum number v vibrational quantum number v

FIG. 4. The Birge—Sponer diagram for tAe'S, ™ state of AgH. The calcu-  FIG. 5. Plot of rotational consta®, as a function of vibrational quantum
lated values are obtained from numerical integration of potential energynumberv. The calculated values are obtained from numerical integration of
curves. potential energy curves.
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TABLE IV. Spectroscopic constants for the'S * state(theoretical values from numerical integration of the
energy curvg

re (A) Be (cm ™ ag (cm™) D, (cm™) we (cm™) weXe (M)
This worlkd 1.6398 6.320% 0.3197 19722.2 18606 111.7
This work® 1.6263 6.4230 0.3838 17527.2 16042 54.7
This worlké 1.6990 5.8542 0.3718 18510.8 141555 57.8
MRCI¢ 1.607 1590.0
Exp! 1.638 6.265 0.348 19100 1663.6 87.0

8S0O-MCQDPT with orbitals from state specific CASSCF (CAj5-
PSO-MCQDPT with orbitals from state specific CASSCF (CB)B-
°SO-MCQDPT with orbitals from state averaged CASSCF.

dConfiguration selected MRCI with SCFS " orbitals by Hess and Chand(Ref. 5.

B, and a, values estimated from rotational constaBtsand B, using the relatiorB, =B~ ac(v +1/2).
fFitting Morse levelsE;—E, and E,—Eo, whereE, = wq(v+ 1/2)— wxe(v +1/2)?, to vibrational levelsE;

—E, andE,—E, (E, per se is not known experimental\E, are levels from the numerical integration of the
energy curvéalculation or measured level@xperiment

9Using polynomial fit for several points near the equilibrium.
"All values are due to Bengtsson and OlsgBef. 1) except forD,, that he did not provide. The quoted value
is from Table IlI, g.v. for details.

TABLE V. Parameters for the fitted potentials. The form of the potenti(R) =D(1—e 3R R)21 3, ¢ o™ R0

Parameters for the Morse-like part of the potential

Potential De (cm™) a(A™h R, (A)
SA 18510.4 1.37800 1.699 00
CAS-b 17 516.6 1.507 03 1.626 27
Learner’s graphical 18915.1 1.269 04 1.688 83
CAS-a 19727.1 1.570 29 1.63977
Parameters for the Gaussian-like part of the potential
SA potential CASb potential
¢ (em™ dy (A7) sk (R) N ¢ (em™) di A7 sk (R) Nk
—4149.9 1.604 05 3.454 89 2 —4833.1 1.101 57 3.11264 2
—2694.0 3.13002 2.749 98 2 11 950.8 17.7503 0.927 597
437.2 1.000 92 5.277 84 2 1250.7 0.286 771 3.85543
627.6 8.432 66 2.848 88 2 131.7 168.079 1.34018
32353.6 2.59550 3.51033 2 299.3 37.6849 1.789 88
—323345 2.51519 3.525 26 2 586.8 12.3561 2.321 04
—100.5 60.4372 2.22792 2 —264.0 7.83503 3.906 87 2
234.8 131.841 1.439 31 2 278.2 31.9279 4.478 09
182.3 47.6587 1.804 57 2
CAS-a potential Learner’s graphical potential
¢ (em™ dy (A7) sk (R) N ¢ (em™) di A7 sk (R) Nk
-140.1 208.304 2.163 20 2 2015.8 7.688 55 4.6493
—164.6 80.0000 1.200 00 2 —1286.1 3.55978 2.901 30 2
347.3 68.1244 1.80203 2 7815 5.83411 2.41826
—374.8 88.0964 1.797 96 2 134.4 15517.2 2.374 33
384.1 20.0000 4.290 00 2 —8720.4 0.976 31 3.866 08 2
—139.1 100.000 4.804 11 2 123.8 4372.24 1.747 47
—5646.9 2.288 58 2.96375 2 35.9 20.49372 1.990 00
—4873.2 0.829 09 4.028 82 2 -32.9 60.0000 3.24000 2
—2887.6 24.7319 1.09174 2 43.9 62.2400 2.93000
—266.4 22.3853 2.494 40 2 -97.4 90.49372 2.600 00 2
—257.7 26.1765 3.675 26 2 83.4 50.2800 3.802 88
—275.7 2.724 97 5.636 12 2 —51069.5 16.7501 4.441 00 2
336.6 26.7988 1.832 27 2 51283.2 17.0043 4.441 48
142.8 180.134 1.480 24 2 36 310.0 5.670 12 5.02319
229.0 24.5530 3.097 81 2 -36576.9 5.486 79 5.014 74 2
1157.13 8.887 97 4.666 61 2
—127.9 3000 000.0 1.455 00 4
105.6 4771.10 1.51393 2
64.4 842.907 2.23052 2
175741.0 68.8595 1.038 82 2
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TABLE VI. Vibrational levelsg, of the A 'S " state relative tdE, (in cm™1). Different number of levels given
for SO-MCQDPT correspond to differeflt, value for each column. Standard deviation is computed with
respect to experimental data.

Graphical ~SO-MCQDPP  SO-MCQDPF  SO-MCQDPT Expt

c

1 1317.2 1636.7 1489.4 1300.0 1489.6
2 2628.1 3050.1 2864.0 2484.5 2805.2
3 3877.6 4266.3 4190.0 3536.3 3914.6
4 5035.0 5303.4 5409.9 4477.4 4806.8
5 5971.4 6027.0 6459.5 5301.3 5542.3
6 6473.6 6620.2 7308.6 6062.3 6211.4
7 6691.2 7202.4 8051.3 6777.5 6857.2
8 6976.1 7819.9 8758.8 7664.7
9 7302.6 8444.3 9442.5 8142.7

10 7659.8 9064.9 10111.9 8821.9

11 8037.6 9683.9 10771.8 9501.8

12 8449.4 10295.9 11 422.7 10178.0

13 8892.5 10889.4 12 063.3 10845.9

14 9360.6 11 466.8 12 691.2 11501.5

15 9854.0 12 036.0 13305.0 12142.3

16 10372.1 12590.3 13904.6 12767.3

17 10915.0 13120.6 14 490.8 133775

18 11477.0 136325 15063.3 13973.8

19 12 053.9 141235 15620.0 14 556.5

20 12 643.7 14571.4 16 158.2 15124.9

21 13240.2 14983.7 16 673.2 15676.4

22 13834.5 15399.6 16 207.0

23 14 415.1 15816.0 16 710.3

24 14 967.5 16 230.7 17176.4

25 15483.1 16647.1

26 15963.2 17 043.6

27 16 407.7 17 407.9

28 16 820.2 17 754.8

29 17194.5 18 067.9

30 17 523.5 18 353.9

31 17 825.3 18 603.3

32 18 066.8 18 799.0

33 18176.6

Standard deviation 237.5 372.8 747.7 261.1

®Derived from the first few experimental vibrational levels by Learfief. 3, Eq=665.1 cm L.
PSO-MCQDPT with orbitals from state specific CASSCF (CAB-E,=879.6 cm .
°SO-MCQDPT with orbitals from state specific CASSCF (CBB-E,=814.9 cm L.
4SO-MCQDPT with orbitals from state averaged CASSEf=716.6 cm L.

C. Explanation of the A '3 potential energy curve orbitals with a large contribution from a diffusecrbital of
shape Ag (probably &); for large distances, thesborbital of Ag

In this section, we perform a Cl analysis and a popu|a_becomes dpminaqt, giving in the dissqciation limit a puse 5
tion analysis in order to explain the unusual shape of thé&tomic orbital of silver. The fourth orbital of thee, symme-
AS* potential energy curve. The weights of dominant con-IrY is thes* antibonding orbital; in the equilibrium region, it
figurations in theA 13 * wave functions are plotted in Fig. 6 1S mainly a mixture of the silver $and hydrogen 4 orbitals
as a function of the interatomic separation. There are thre@ith some contribution from B, of Ag. At larger distances,
dominant configurations fok '3 *; their active space occu- it is predominantly a mixture of the silvers@and 5, orbit-
pations are displayed in Fig. 6. The order of 11 active orbit-als. At around 3 A, a large contribution from the hydrogen
als in theC,, point group is as follows: sir;, onea,, two  1s orbital changes its chemical character. Finally, at around 4
b,, and twob,. The chemically important orbitals—the A, it becomes an almost pureslorbital of hydrogen. The
third, fourth, and fifth orbitals, all of tha, symmetry—have fifth orbital of thea; symmetry can be described as follows:
different characters at different distances. The third orbital isat short and intermediate distances, it is an antibonding mix-
a o bonding orbital composed mainly of the silves and  ture of 1s of H and 5, of Ag with some admixture of a
hydrogen & atomic orbitals; there is also a small admixture diffused s orbital of Ag. From around 6 A, this orbital be-
of the silver 4,2 orbital. At larger distances, the chemical comes a pure B, orbital of silver. A knowledge of the
character of this molecular orbital is rather complex: at 2—3chemical character of these three orbitals allows us to ana-
A'it is predominantly the & orbital of hydrogen; at around 4 lyze the wave function of th& 13 * state of AgH. The char-

A, it becomes a mixture of the silverssand hydrogen &  acter of theA 1S " wave function agrees with the chemical
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TABLE VII. Rotational constant$, for the A3 " state(in cm™1). Standard deviation is computed with
respect to experimental data.

<

Graphical ~SO-MCQDPT  SO-MCQDPT  SO-MCQDPT Expl

0 5.8387 6.1606 6.2311 5.6684 6.0905
1 5.6336 5.8409 5.8473 5.2966 5.7420
2 5.4540 5.4588 5.5951 4.9782 5.3282
3 5.1948 5.0983 5.3338 4.6523 4.8200
4 4.8376 4.5324 4.9809 4.3238 4.2720
5 4.0056 3.7493 4.4927 4.0224 3.8852
6 2.6616 3.5120 4.0189 3.8188 3.6605
7 2.3509 3.5002 3.7786 3.6362 3.5050
8 2.3188 3.4231 3.6077 3.5107
9 2.4531 3.3255 3.4737 3.4357

10 2.4897 3.2737 3.3675 3.3754

11 2.4938 3.2034 3.2754 3.3131

12 2.5130 3.0896 3.1878 3.2433

13 2.5543 2.9803 3.0996 3.1654

14 2.5919 2.9102 3.0101 3.0821

15 2.6140 2.8382 2.9220 2.9974

16 2.6257 2.7255 2.8386 2.9159

17 2.6273 2.6147 2.7596 2.8397

18 2.6371 2.5325 2.6799 2.7679

19 2.6289 2.4033 2.5945 2.6974

20 2.5998 2.2119 2.5024 2.6235

21 2.5566 2.1391 2.5410

22 2.4876 2.1378 2.4435

23 2.3845 2.0965 2.3220

24 2.2542 2.0843 2.1621

25 2.1195 2.0430

26 1.9873 1.9123

27 1.8555 1.8112

28 1.7412 1.7166

29 1.5830 1.5704

30 1.4632 1.4583

31 1.3495 1.2937

32 1.0173 0.9356

33 0.5144

Standard deviation 0.6016 0.1649 0.4244 0.2718

@Derived from the first few experimental vibrational levels by Learief. 3.
PSO-MCQDPT with orbitals from state specific CASSCF (CAB-
SO-MCQDPT with orbitals from state specific CASSCF (CB)S-
4SO-MCQDPT with orbitals from state averaged CASSCF.

intuition, as expected for the first excited state of AgH, butWe would like to stress that thedd>_,2— 4p, orbital switch
only at small and large internuclear separations: it corredescribed in Sec. Il A does not have any significant influence
sponds to thgcorel4d°cta* * configuration at short, and to on the presented Mulliken population analysis. Note that the
the[core]4d1°5pllsﬁ configuration at large distances. Sur- origin of this electron transfer is rather electrostatic than
prisingly, at intermediate distances'S ™ has mainly an chemical: as can be seen from Fig. 7, the chemical bond in
ionic character corresponding to Agl~ rather than to AgH; AgH—also corresponding to a partial transfer of an electron
the leading configuration igcore]4d*1s?. This means that from Ag to H—Iloses its bonding character already around
in the region 4—6 A, a partial charge transfer occurs in the2.5 A.
AlS™ state of AgH. As discussed in Sec. Ill A, the occur- More detailed information about the charge transfer in
rence of the ionic-like[core]4d1°15ﬁ configuration in the theA 'S state of AgH can be obtained from the shell popu-
A'S ™ wave function is related to two avoided crossings:lation analysis. The Mulliken populations on thep, andd
with X3 at arounl 3 A and withC > " at around 5 A.  orbitals of H and thes, p, d, andf orbitals of Ag are plotted
This ionic character of thé\ '3 * state of AgH in the in Fig. 8 as a function of internuclear separation. In the bond-
region 4—6 A is confirmed by a population analysis of theing region—between 1 and 2.5 A—changes in all curves can
CASSCF wave function. The total atomic populations on Agbe observed. However, in the region where the charge trans-
and H are shown in Fig. 7. Both curves—corresponding tder occurs, 3-5.5 A, the only affected shells pren Ag and
the Mulliken and Levdin atomic populations—give similar s on H. Therefore, we can conclude that the charge transfer
results for the intermediate region, showing a partial transfecorresponds to a partial excitation of an electron from the
of an electron from Ag to H. A maximum of the charge silver 5p, atomic orbital to the hydrogenslatomic orbital.
transfer is observed at 4 A. Figures 7 and 8 present the plofBhe peculiar shape of th&!S™ potential energy curve
for CAS-a; corresponding plots for CA84ook very similar.  arises thus as a superposition of a normal Morse-like poten-
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weight

FIG. 6. Dominant configurations in th&!3 * state of AgH as a function of
distance. Active orbitals are given in the following order: sixagf one of

a,, two of b; and two ofb,, in C,, symmetry. For description of their
chemical character, see text. The sighgnd — denote an electron with the
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FIG. 7. Total Mulliken and La/din atomic populations for tha '3 * state
of AgH as a function of internuclear separation. Note the ionic-like structure.

1.4 H
5 12 Léwdin
E . Mulliken
=}
o
o 1
o
L
E 47
© -~
= .
S 468 Ag
Léwdin
464y = - o7 Mulliken

distance [A]

at aroundR=4 A.

orbital atomic populations

1.4 0.4
a) H, s orbitals b) --- H, p orbitals
1.2 — H, d orbitals 0.2
\\
14 = o]
12 3 456 7 8 91 2 3 45 6 7 89
87 d 19
C) Ag, s orbitals )
8.4 1
F18.7
8.1 Ag, p orbitals
204
f) Ag, f orbitals 0.03
19.7
e) Ag, d orbitals
19.4 0.01

12 3 4567 8 9123 456 7 89

distance [A]

Energy of AgH 8405

tial corresponding to a covalent bond in AgH, and an
electrostatic-driven interaction corresponding to a partial
transfer of an electron fromg of Ag to 1s of H occurring

at the distance of 4—6 A. The ionic-lifeoregl4d*®1s? con-
figuration occurs inA'S " due to two avoided crossings;
they are plotted schematically in Fig. 1 using a dotted line.

IV. CONCLUSIONS

The potential energy curve of the'S ™ state of AgH is
studied by means of the second-order SO-MCQDPT
method. The best correspondence to the experiment is
achieved when using a set of the state-specific CASSCF or-
bitals denoted by CA%: the curve obtained in this calcula-
tion is presented in Fig.(B). Vibrational intervals and rota-
tional constants calculated for this curve agree well with the
experiment(For comparison, see Figs. 4 and An analysis
of the A3 " wave function shows a large contribution from
the ionic-like Ag"H™ structure at internuclear distances be-
tween 4 and 6 A this structure corresponds to a partial trans-
fer of an electron from the [, orbital of silver to the %
orbital of hydrogen. This ionic-lik¢corgl4d®1s? configu-
ration occurs inA 13" due to two avoided crossings; they
are plotted schematically in Fig. 1 using dotted lines. The
peculiar shape of th& 13" potential energy curve is thus
explained in terms of a superposition of two kinds of inter-
actions: a Morse-like interaction corresponding to a covalent
bond in AgH and an electrostatic interaction due to a partial
charge transfer occurring at the interatomic separation of
4-6 A.

Learne? suggested previously that the unusual shape of
the AS ™ potential is due to an avoided crossingAts *
andB 13 *. No evidence of such crossing is found in our
calculations: the analysis of tha!S™ and B3 * wave
functions shows only a small mixingpproximately 10%oof
their main configurations at the equilibrium region. We find,
however, two other avoided crossings, namxIys. * with
AS* and A'S ™ with C'S ™, which have a fundamental
influence on theA 3 * potential’s shape. A critical analysis
of the A" potential energy curve constructed graphically
by Learner does not confirm the validity of its shape: the
calculated vibrational intervals and rotational constants show
rather large discrepancies when compared to experimental
data.
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