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We formulate and apply the EOM-CC method to determine, recursively, any order and any process
frequency dependent hyperpolarizability. Combining the theory with systematically chosen
n-aug-cc-pVXZ bases, we attempt to converge to the basis set limit. Our best “relaxed” result is
—9.8+0.5 a.u. forBsyg compared to an experimental value-e11.0+1 a.u. and 72840 a.u. for
Yac-she compared to 8468120 a.u. If orbital relaxation could be neglected, the results are
—10.2+0.5 a.u. and 73840 a.u., falling within the error bars. @997 American Institute of
Physics[S0021-960807)03348-3

A number of papers have studied the hyperpolarizabili-dependent properti€s. Hence, all of the frequency-
ties of the FH molecule with correlation since 1978.A dependent polarizabilities can be written in the convenient
critical analysis of all the high-level calculations until 1893 form,
concluded that, contrary to several other molecules whose )

theoretical frequency-dependent hyperpolarizabilities agree%iil'z--ininﬂ(“’”;“’1""2""""”)

to within about 10% with gas phase experimental data, the —P(i 0l(1+ AT TNYR(= w1 — o -+ —
theoretical results for FH showed an error of about 20%. (e (Ol¢ )q'll IR(= w1~ @n)
Despite the small difference, and the very small magnitude X (h[Gi_|NR(— wp— wz— - —wp)*--*(h|q; |h)

of the FH hyperpolarizability that can enhance the percent 2 _ "
error, high-level, correlateab initio theory should be able to XR(—wp)(h[q;_,.|0), )

unambiguously provide agreement to within 10% for such a i i
simple molecule, or the experimental valsiould be recon- where P(iy,wy) denotes all the r(+1)permutations of the

sidered. pairsi,w, ,i,w;---and
In prior theoretical work, the frequency dependence had R(wx)=<h|Eo—Ho+wxlh>*l @

been estimated from time-dependent Hartree—RackHF) . )
theory® or from multiconfigurational linear response is the resolvent operator for the particular frequendy.

(MCLR) theory* However, the former is uncorrelated and Also Gi=0;—(a;),where (q))=(0|(1+A)q;[0) and

the latter includes mostly nondynamic correlation while =€ Tgie’. . o .

much of the magnitude of hyperpolarizabilities arises from Here, lé\ is the deex0|_tat|on operator mtroduced

the large dynamic correlation effects. The latter are, perhapgrewously, andg; denotes theth component of the dipole

most accurately and conveniently included via coupled—moment vector. It should be cle{:\r from the above that, op-

cluster (CO) theory, but except for some Kerr effect erationally, the repeated evaluation of the vectors

studies'® the prior CC results have not included the corre- Ti(jZ)(wx)=<h|aj|h>Ti(l)(wx) ©)
lated frequency dependence that is consistent with CC

theory. In this letter we have generalized the equation-of&nd

motion (EOM-CC) method to recursively and analytic'ally” R(wy)Ti(jZ)(wx)v (4)

compute correlated, frequency dependent hyperpolarizabili-

ties, toany order This provides a correlated measure for thewhere

E]spersmn gffect. Furthermore, alfchough many different Ti(l)(wx):R(wx)<h|ai|o> (5)
inds of basis sets have been considered which appeared to

offer consistent results, there has not been a more systemagite the critical computational steps falf hyperpolarizabili-

study based upon a series of n-aug-cc-pVXZ Hadis at-  ties in the perturbation theory definition. This is actually ac-

tempt to further eliminate this degree of uncertainty in thecomplished by solving the corresponding linear equations of
calculations. Here, we present such EOM-CC frequencywhich the first is

dependent results along with several other bases, to attempt __; 1 =

to find basis set limit results. R (wX)Tg )_<h|q‘|0> ®

The EOM-CC approach in its Cl-like approximatidn**  rather than taking the inverse of the resolvEritience, there

offers a convenient recursive treatment of se¢brahd is no truncation of the excited states defined over the con-
higher-order properties. We simply consider the usual perturfigurations|h) as is often the case in sum over state approxi-
bation expressions that can be used to define such frequenayations. Obviously, we can go to any order hyperpolariz-
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TABLE |. Static and dynami¢w=0.0656 a.u./694.3 nrhyperpolarizabilities of the HF moleculé a.u) at Ryz=1.7328 a.u., except where indicated.

cc- aug-cc- d-aug- t-aug-cc- g-aug-cc-  p-aug-cc-  t-aug-cc-
POL1++ J pVvVTZ pvTZ cc-pvTZ pvVTZ pVvTZ pVvVTZ pvQzZ
B,240) —10.60 -9.96 -1287 -11.71 -9.87 -9.84 -9.85 -9.82 -9.83
Baxd0) -1.39 -1.71 -0.38 -0.24 -1.53 -1.68 -1.70 -1.72 -1.74
B,(0) -8.03 -8.03 -8.18 -7.31 -7.76 -7.92 -7.95 -7.95 -7.99
SHE -8.82 —-8.85-9.18° -9.04 -8.04 -8.52 —-8.70—9.03° - -8.¢& -
OR -8.25 -8.22 -8.41 -7.53 -8.03 -8.22 - -8.3
Y22240) 340 367 306 311 369 378 - -
Yexsd 0) 606 671 430 532 604 638 - -
Yex2£0) 150 178 115 140 163 178 - -
7(0) 511 574 382 458 527 558 5%3 583
THG 665 741 462 598 669 711 785 771
dc-SH@ 564 650(653° 429 506 588 629632° 650" 670"
Sy7222 —10 860 —-13520
FHG,,,,, —20510 —24 850

8Experimental value:-11+1 a.u., Ref. 9.

PExperimental value: 846120 a.u., Ref. 9.

°ry values.

“Estimated from geometric extrapolation of successive differences. Complete basis set limit value under p-aug-cc-pVTZ column.

ability with the same program, just as was accomplished itprocessyy..sud. Our extrapolated pentuply augmented re-
the open ended TDHF method presented sometime Yack,sult is 670 a.u., also 20% in error.
making «, B, v, 6, €, etc., readily accessible for whatever  Besides dispersion and basis, there are several other
optical process, by virtue of using the correct fornRgiw,).  items previously considergd?to try to resolve the discrep-
Using the above, numerical results in several bases argncy between theory and experiment. These include the role
presented in Table I. The mode3tbasis used previously of triple excitations as measured by static CEBDresults,
consists off 6s5p5d1f]on F and[5s3p1d] on H and ap- vibrational averagingii.e.,r. to ry)in the ground statéand
pears to be the best converged of our prior calculatidiise  the pure vibrational correctidh that arises from vibronic
POL1 basis, due to Sadlej, is defined for polarizabilitfes. intermediate states in perturbation theory expressions.
Here, we augment it with two additional shells of diffuse The magnitude of the triple excitations in CCQD
functions obtained by 0.3 times the most diffuse exponent oétatic values is-0.69 a.u. in the) basis® giving a CCSIT)
each in the POL1 basis to givE7s5p4d2f] on F and static value of3, equal to—8.72 a.u. In the t-aug-cc-pVTZ
[5s4pld] on H. The series of bases cc-pVTZ, aug-cc-basis, CCSIN) is —8.54 a.u. Using the latter triples effect
pVTZ, d-aug-cc-pVTZ, t-aug-cc-pVTZ, g-aug-cc-pVTZ, and (—0.62 a.u), one would estimate a p-aug-cc-PVTZ
p-aug-cc-pVTZ, i.e.[9s8p7d6f/8s7p6d] with augmenta- CCSOT) B,(0) value of —8.57 a.u.(Though the second
tion as considered elsewhé&tare hoped to provide a con- decimal is certainly not significant in these estimates, we
verging series. We also consider a t-aug-cc-pVQZ basisarry it temporarily for ease of analysi#\pplying the same
[8s7p6d5f49/7s6p5d4f] to offer a different extension. Of dispersion obtained in the EOM-CCSD calculations to the
course, as is usually the case for smaller bases, the Ftiiples, we would obtain-9.61 a.u. inJ and —9.48 a.u. for
Bi [B1=1/5Z(Bii.+ Bziit Bi-i)] tends to be too large, while the estimated CCSD) SHG process in the p-aug-cc-pVTZ
adding further diffuse augmentation reduces the magnituddyasis, assuming that there is no effect of the triple excitations
which then eventually might grow, gradually, with basis seton the dispersion. The computed pure vibrational correction
enhancement. is —0.35 a.u'® while —0.38 a.u. is the currently determined
First, depending upon the-augmented cc-pVTZ series, effect in theJ basis for evaluating EOM-CCSPg,g using
we would expect a second harmonic genera(®HG) result  formula (24) from Ref. 20 at four different internuclear
of about—8.8 for a pentuply augmented cc-pVTZ basis, adistance$! Adding these to the EOM-CCSD SHG result
result in line with the others shown. The larger values forgives—10.3 a.u. inJ and—10.2 in the p-aug-cc-pVTZ basis,
| Bsud correspond to probably excessive values [i6y,,, slightly within the error bars of the experiment. Why, then, is
which is smaller in better basis sets. All of these results are ahis different from all previous calculation® which sup-
the EOM CCSD level and are still 20% in error compared toported a maximunBsyg CCSOT) result of —9.0, or—9.4,
the center of the experimental valti@he dispersion correc- if the pure vibrational correction is included?
tion given by EOM CCSD is 9.9%, in excellent agreement  The principal difference between the present calculations
with the 9.6% estimate from TDHF that was previously usedand the prior ones is that in EOM-C@r the related CCQR
and the 10% MCLR value. Hence, the prior dispersiontreatment of second- and higher-order propetti€%, the or-
estimate3 were entirely justified for this problem, and did bitals are not allowed to relax to accommodate the perturba-
not introduce a significant error. We see a similar behaviotion, as they would be in a full derivative calculation. The
for the direct-current induced second harmonic generatioimportant role of orbital relaxation for hyperpolarizabilities
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TABLE Il. CCSD and(CCSD(T)) orbital relaxation and basis set effects in {fB@nd y static hyperpolariz-

abilities of HF.
Relaxed orbitals Unrelaxed orbitals
Basis Spherical Cartesian Spherical Cartesian
J
Bi -7.50 —6.89(—7.60 —8.06 —8.03(—-8.72
Y - 478 (526) - 574 (631
d-aug-cc-pVTZ
Bi —7.24 -7.07 -7.76 —7.63
Y (538 527 (591
t-aug-cc-pvVTZ
Bi —7.51 -7.37 -7.92 —7.84
Y 530 (582 539 558(613 571
g-aug-cc-pvVTZ
By —7.60(—7.87) - —7.95(8.19

has been demonstrated previouSiyThis relaxation effect tion) were estimated to show a value of 6660 a.u’

can be estimated by a finite field static calculation. This efcompared to 848120, experimentally.
fect can be quite large as shown in Table Il. In th€arte- The best of the new EOM-CCSD results, the extrapo-
sian basis, the reduction j,(0) is from —8.03 to—6.89!). lated p-aug-cc-pVTZ used basis is 670 a.u. The EOM-
With the triples(whose relaxed value is0.54 a.u), we see CCSD dispersion effect for dc-SHG is 12.7% in the t-aug-
how the best previous CC3D) B,(0) value of —7.4 a.u. cc-pVTZ basis compared to TDHF value of 12.5% and much
arises. If we assume the same relaxation for the SHG prahigher MCLR value of 199%.For y4..sus, We can estimate
cess, oud basis result would be-7.71 which is close to the the contributions from triples corrections, vibrational averag-
estimated CCSD basis result befordand is more than 20% ing and the pure vibrational part from our current work and
in error. Adding the above triples with estimated dispersionfrom Ref. 19. In the] basis triples corrections amount to 57
and vibrational correctionsi.e., —1.27 a.u), our J basis a.u. plus 8 a.u. for dispersiof65 a.u). Adding the pure
SHG result would be-9.0 a.u., consistent with the best pre- vibrational correction of~-5.5 a.u. from Ref. 19, and 3 a.u.
vious estimate. Doing the same exercise for the d-aug-cacomputed by changing, to ry, without orbital relaxation,
pVTZ, we obtain a relaxation effect 6f0.52 in the spheri- we get 62 a.u. added to thg,.syg EOM-CCSD result, to
cal basis, giving a result 0of-9.3 a.u. If we also add the give 712 a.u. as the estimated CO3D yy..shg in the J
change due to the extra Cartesian components, assuming thegsis, just outside the experimental error bars. If we include
in the absence of linear dependencieene are foundthe the very large static CCSD) relaxation(—105 a.u) in the J
more functions, the better, we get a final extrapolated resubasis, we get 607 a.u., well outside the error bars. In the
of —9.1 a.u., quite close to that in tlebasis. In the t-aug- d-aug-cc-pVTZ basis the relaxation is reduced-3 a.u. In
cc-pVTZ case the Cartesian and relaxation effect-355  the t-aug-cc-pVTZ basis, the effect of triples is 55 a.u. plus
a.u. (two linearly dependent functions are removed in thedispersion(62 a.u), but the relaxation effect is only-31
calculation. That makes the result become9.4 a.u., still a.u., giving 663 a.u. The Cartesian components would appear
outside the error bars, but identical to the previousto add 9 a.u. plus-5.5 a.u. for the pure vibrations to give
| Bsud maximum of —9.4 a.u. The extrapolation to p-aug-cc- 667 a.u. Finally, the estimated p-aug-cc-pVTZ CGBDdc-
pVTZ gives —8.8+(—1.39 =—10.1 a.u., while geometric ex- SHG (extrapolation of relaxation effects suggests-10
trapolation of the relaxation/Cartesian effect in the p-aug-cca.u) gives about 720 a.u.
pVTZ basis suggests-0.3 a.u. to return t0-9.8 a.u. still Despite the best efforts from 18 years of quantum chem-
slightly outside the error bars, but better than the previousstry, it would appear that there is still some disagreement
—9.4 a.u. estimate. Since we certainly believe that barrindpetween theory and experiment {85y and yqc.she for the
pathological situations, “relaxed” orbitals, are better thanFH molecule. The best current theoretical resultsygrsyc
unrelaxed ones, and particularly for a property like hyperpo-and Bgyg do not quite fall within the rather generous error
larizabilities that the more functions the better, which favorsbars. If orbital relaxation could be neglected, agreement
Cartesian bases over spherical ones; the Best-aug-cc- would be achieved even in modest basis sets. In a complete
pVTZ and t-aug-cc-pVTZ results are consistent with all priorbasis, of course, there is no relaxation effect, but other than
calculations, while the more extensive extrapolated p-aug-cahat, there are two arguments for dismissing orbital relax-
pVTZ result suggests some improvement-t8.8 a.u. Even ation, one practical and one formal. Practically, when using
the use of the very large t-aug-cc-pVQZ basis does noan RHF reference in a correlated calculation, at large bond
change this result. lengths, relaxed RHF orbitals have the wrong behavior, since
We can make the same type of estimate for the experiRHF goes to an ionic separated atom limit, which the corre-
mentally known dc-SHG process far The previous theo- lated method is attempting to undo. However, at equilibrium,
retical resultgwith exclusion of the pure vibrational correc- even for a fairly ionic molecule like HF, one would not be-
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lieve that unrelaxed orbitals are closer to the truth than re-

laxed orbitals. The formal objection is that inclusion of

Hartree—Fock orbital relaxation introduces artificial excita- °

tion energy poles in the dynamic polarizability, in addition to
the correct one$'!
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