VOLUME 71, NUMBER 21

PHYSICAL REVIEW LETTERS

22 NOVEMBER 1993

Strong Bulk Magnetic Dipole Induced Second-Harmonic Generation from Cgg
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We describe how to separate all surface, interface, and bulk tensor components in optical second-

harmonic generation experiments on isotropic thin films.

Using in situ thickness scans and group

theoretical arguments concerning the bulk tensor components, we demonstrate that the second-harmonic
resonance of Ceo at 2hw =3.6 eV is of bulk character, and, quite remarkably, of magnetic dipole induced

origin.

PACS numbers: 78.66.—w, 42.65.—k, 61.46.+w

Among the interesting properties of the fullerenes are
their strong nonlinear optical properties. Quite some ex-
perimental effort has been made to clarify the high
second and third order optical response of Cgo and some
related materials [1-6]. In a previous paper we reported
on optical second-harmonic generation (SHG) experi-
ments on Cgo thin films, showing a narrow resonance at
2hw=3.6 eV [6].

In this paper we present a systematic procedure to
resolve all bulk, surface, and interface tensor components
for an isotropic thin film system. This separation of sur-
face vs bulk SHG contributions is known to be a funda-
mental difficulty in the field of surface SHG [7]. Our
method makes use of the experimental data from SHG
thickness scans, and an estimation of the ratio between
two bulk tensor components. Using this procedure, the
situation for Cg is clarified for the specific case of the
resonant SHG at 2hw =3.6 eV. From comparison with
the linear optical spectrum of Cgo [8,9] we expect the res-
onance to be dominated by the hy— h, — t,, diagram as
indicated in Fig. 1. The forbidden A, — ¢}, transition en-
ergy is of the order of 2 eV, so that the total SHG dia-
gram is at, or close to, double resonance. We demon-
strate that the SHG resonance is magnetic dipole (MD)
induced, and show that this is due to the spherical char-
acter of the Cgo molecule. To our knowledge this is the
first direct evidence for such optically MD induced con-
tributions in nonlinear optical experiments on noncon-
ducting materials.

For third order optical experiments on Cgo [1-4] all in-
volved electronic transitions are electric dipole allowed, so
that the strong delocalization of the p, molecular orbitals
can give rise to high 1(3) values. The situation for the
second order optical response is more complicated. Al-
though relative high SHG efficiencies for Cgp have been
reported [4-6], the process is symmetry forbidden within
the electric dipole approximation. Therefore, other
mechanisms become lmportant that is nonlocal bulk con-
tributions, indicated by x [mcludmg both MD and
electric quadrupole (EQ) processes], and electric dipole
allowed or field gradient induced surface contributions,
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indicated by ¥’ [10].
The induced nonlocal SHG polarization density in an
isotropic material can be written in vector notation as

P@ =1 (OV(E E)+{?(E-V)E
+{QE(V-E), (1)

where [10] (@ = ,f,‘&x 1O =49, 259 =49 and
Z(Q)—' (Q) . The xi{9 contrlbutlon 1s known to be indis-
tmgulshable from a certain combination of surface contri-
butions [7,10,11]. Our explicit calculations for the thin
film geometry confirm this phenomenon. The x(Q) term is
absent in the bulk because of the zero divergence of E.
The 752 term disappears if only a single plane wave is
present inside the medium. In the thin film geometry,
however, reflections from the lower interface cause a
second plane wave even if the medium is irradiated by a
single plane wave.

For the phenomenological description of the reflected
SHG from the thin film a second harmonic sheet suscep-
tlblllty ¥sP P is assigned to the outer surface, and ¥f P
the buried interface. For an isotropic film there are only
three nonzero mdependent sheet susceptibility com-
ponents: ;(LLL, zJ_uﬁ, and x"J_f with L =z and l=x or y.
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FIG. 1. Selection of the p, molecular orbital scheme of Ceo.
The listed / values are the corresponding free-electron angular
momenta. The hg— ¢, excitations are responsible for the
linear resonance at hw=3.6 eV for solid Ceo. The indicated
three-level diagram is the proposed dominant diagram for the
SHG resonance at 2hw =3.6 V.
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The bulk SHG parameters of interest are X(Q) and )((Q) of
the thin film. Bulk contributions of the substrate can be
included into ')Z,(D) The dielectric constant of the thin
film at frequency v (v=w or 2w) is denoted by &(v), and
the refractive index by n(v). To tackle the problems ac-
companying the discontinuities of the electromagnenc
fields at the interfaces, we embed %% 15 ) and ¥f )(, in a very
thin region, with a dielectric constant equal to that of the
thin film. Our results can be easily converted to the more
common convention of a surface and interface dielectric
constant equal to that of vacuum [12] by replacing ;(i‘l)l
by {2 /le(w)2eQw)], x8) by xB/e2w), and g2} by
X||_Lﬂ/€((l)).

Within the sketched macroscopic framework, we per-
formed an exact calculation of the reflected SHG intensi-
ty for an incident plane wave Eije™® " '+cc. The ex-
plicit results will be published elsewhere [13].

To resolve all distinguishable tensor components, thick-
ness scans have to be carried out for different polarization
combinations. In our experiments we employ a combina-
tion of p— p (p-polarized input, and p-polarized output),
s— p, m— s (mixed input polarization), and m— p.
The occurrence of the various resolvable combinations of
tensor components for the four geometries is indicated in
Table I. Note that x§2 is resolvable, but xi2 is not.

Ceo with a purity better than 99.99% was evaporated
from a Knudsen cell onto fused quartz substrates, at
UHYV pressures below 2x10~° mbar. The frequency
doubled output of a Nd:YAG laser was used to pump a
dye laser, producing 7 ns pulses with an energy of ap-
proximately 5 mJ/pulse and repetition rate of 10 Hz. For
all experiments described in this paper 2Aw® was tuned
exactly to the 3.60 eV resonance. The linear and SHG

TABLE 1. The occurrence of the resolvable tensor com-
ponents for a thin film measurement in the four indicated polar-
ization combinations. The last column shows the results (units:
10 7'3 esu) of least squares fits to the described measurement.
The SH phases are relative to x§2’. The values between brack-
ets have a high uncertainty of approximately 50%. The relative
uncertainties of the other components are at most a few per-
cent. The linear refractive indices can be compared to the ellip-
sometry results of Ren et al. [17]: n(w)=198+0.01; and
nQw)=2.17+0.87i.

s—p p—p m—s

Component m—p Experiment
249 ° () 1.35
2800 ° ° 0.042¢ ~5%
x;'lﬂl" [ J o ("-—0336 _35°i)
§Q)+2x§pun| ° ° —1.34¢ "1
23D — 24Dy, ® L4 —1.36¢ '
Q)+2l_§.DLLL [ J (""—1)
Z§Q)”2Z ,D.L)L.L [ ] (~-1)
n(w) ® ® [ ] 2.184+0.01
nQw) ) ) ° 2.19+0.86i
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reflection, for an incident angle of 45°, was measured in
situ during evaporation of the thin film. Absolute cali-
bration was obtained using a reference quartz crystal.
The perfect interference patterns we observed, persisting
up to several um thickness, demonstrate the high optical
quality of the films, and in particular, the absence of is-
land formation.

Figure 2 shows the data of a single thickness scan,
combining the four polarization combinations. From
such a scan, the parameters of Table I can be resolved.
The results listed in Table I are obtained by a simultane-
ous fit to all geometries, for which the theoretical curves
are shown in the figure. We find within a fair approxima-
tion x;Q)+2x(D) (Q)—Z)(,(?J)k for all i, j, and k. This
can be interpreted as an indication for the marginal role
of the surface and interface contributions. However, as
we pointed out previously [6], this could also be due to
the 180° phase difference between the surface and inter-
face SHG susceptibilities as expected for the electric di-
polar contributions of films on nonreactive substrates.

To get an idea of the relative role of surface and inter-
face contributions, we also fitted the data with either only
bulk components, or only surface and interface com-
ponents. The fit using only bulk components gives good
correspondence for the s—p, m—p, and p—p
geometries, but deviates significantly for the m—s
geometry as indicated in Fig. 2. On the other hand, com-
pletely neglecting any bulk contributions gives a complete
mismatch for at least three of the four geometries. From
this we conclude that surface and interface contributions
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FIG. 2. The SHG reflection coefficient (Rsu=/Isn/[lin]?) for
2hw=3.60 eV as measured in situ as a function of the eva-
porated film thickness. The four polarization combinations are
measured during the same scan. The full curves are theoretical
fits using the SHG parameters listed in Table I. The dashed
curve indicated for the m — s geometry is a fit using only bulk
contributions, demonstrating the significance of small surface
and interface contributions.
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are present, but the SHG is dominated by the bulk con-
tributions. We stress that such an unambiguous iden-
tification of an isotropic bulk contribution is not possible
from an ordinary single-interface reflection experiment.
Finally, an important observation is that y{@+ {8} and
xﬁg) are approximately of opposite phase, and of approxi-
mate equal modulus.

In the following we use an estimated ratio of x}Q)/,u(Q)
as the additional physical information necessary to obtain
the full separation [10]. Note that a relation between
two bulk tensor components is much more reliable (in
some cases even trivial) than the relation between a bulk
and a surface contribution.

Close to resonance, considering only a single degen-
erate three-level diagram, the bulk SH susceptibility can
be written as

i(%)'—'Tijk//[ﬂ(w)@(Zw)] , ®)

Xij

where T denotes the product of transition matrix ele-
ments summed over all degenerate diagrams, and the fre-
quency denominators are of the form D(v)=hv
—AE+ihT, for the proper transition energies AE and
linewidths AT". For the hy— h,— t, diagram we have

Ty =% Ne> X (nlriln"Xn"|QulnXn'|r;ln), 3)
nn'.n"

where n, n', and n” are summed over the hg, hy, and 7y,
states, respectively, r is the displacement operator, —e is
the electron charge, and N is the density of molecules.
The operator Q is defined as Qx; =rir; for a pure EQ pro-
cess, and Q= (fy Xf;): L/im,w for a pure MD process,
where L is the angular momentum operator, and m, is
the electron rest mass [14].

As a consequence of Eq. (3), a dominant EQ contribu-
tion implies 13(9) =249 since xy=yx. On the other
hand, a dominant MD contribution leads to x{2
= — 449 because of Kx§= —§xR. Therefore, the ex-
perimentally obtained ratio of 249/ ADQ + 4P
= —1.01, strongly suggests the dominance of a MD in-
duced process, unless we would have a significant x§ﬂ)"n
component.

The p, molecular orbitals of Cgo are closely related to
free electronic wave functions for a spherical shell with a
radius equal to the Cgp radius R =3.5 A. Although we
have very strict m-selection rules for EQ transitions
(Am==*2) and MD transitions (Am =0), the corre-
sponding /-selection rules are somewhat weaker, A/ =0 or
+2 for EQ, and A/ =0 for MD transitions. Although
Al =0 transitions are allowed for both EQ and MD tran-
sitions, one can show for a spherical shell that these tran-
sitions strongly support MD transitions [13]. Since the
h, and t,, orbitals are both similar to the / =5 spherical
harmonics, we expect the indicated three-level diagram to
be very favorable for MD induced processes. This agrees
with our experimental observations.

A more formal way to describe the SHG processes is
by considering the symmetry of the e-A pairs. Group

theory shows for the icosahedral point group that the only
allowed transitions from the '4, ground state via EQ or
MD processes, are EQ transitions to a 'H, excitation,
and MD transitions to a ' Ty, excitation. The highest oc-
cupied molecular orbital-lowest unoccupied molecular
orbital singlet excitations split up in a multiplet of four
levels with 'T|g, 'ng, 'Gg, and 'Hg symmetry, respec-
tively. Although the identification of the (false-origin)
excitations in optical absorption spectra is far from trivi-
al, the general consensus is that the ‘Tlg 0-0 excitation is
located close to 1.8 eV, and the 'Hg at least above 2.0 eV.
This gives a second confirmation that MD processes are
of importance for fundamental frequencies around 1.8
ev.

Here we want to use the opportunity to point out that
our phase resolved SHG measurements [6] give strong
evidence for the contribution of a doubly resonant dia-
gram [15]. With this interpretation the resonance at the
fundamental frequency agrees well with the lowest 'T,
excitation of Cgg. Since the linewidth of the observed SH
resonance, which we attribute to the MD interaction
(AI'myp~0.05 eV from our phase resolved measure-
ments), is smaller than the 'T',-'H, splitting of several
tenths of an eV, the SHG at resonance will be of pure
MD character. This leads to a ratio xiQ)/x§Q)= —1.
Straight substitution of this ratio into the results of Table
I leads to 1§Q) =—1.35%10 "3 esu, and an upper bound
for |x§Plu| and |22l of 0.03x10'3 esu [16]. Just as
for the xu(ﬂ components, this is at most a few percent of
the bulk tensor components. We conclude that from this
full separation we have indisputably shown the minor role
of the surface and interface contributions.

We already gave a hand-waving argument for the rela-
tive importance of the observed MD resonance, and the
probably nearby EQ resonance, based on the free-electron
approximation. To check this, we explicitly carried out a
calculation of Tjjy for the hg— h, — t;, diagram of Fig.
1 on a linear combination of atomic orbitals (LCAQO)
base. The results are collected in Table II. In the LCAO
calculation only the p, atomic orbitals were taken into ac-
count, and we used an equal single- and double-bond hy-
bridization of t =2.4 e¢V. The solid character of the Cgo
only enters through the molecular density N. For the mo-
ment we neglect any local field effects due to the dielec-
tric environment, as well as the screening of the single
electron excitations. From Table II we conclude that

TABLE II. The various Tijx’s (units: Ne3>R*) of Ceo for the
three-level diagram hg— h, — t14, calculated with a LCAO
approach. The MD values are specified for Aw=1.80 eV.

ijkl MD EQ

XXXX 0.0000 0.0258
xXyy 0.0000 —0.0129
xyxy —0.1858 0.0193
Xyyx 0.1858 0.0193
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indeed the EQ-induced susceptibility is only 10% of the
MD-induced susceptibility, so that the resonant intensi-
ties will even differ by 2 orders of magnitude.

For an absolute comparison between the experiments
and the LCAO calculation we need a specification of the
frequency denominators in Eq. (2). Substitution of
|D(w)| =hTMp~0.05 eV (from the experiments), and
|DQw)| =hTgp~0.23 eV (from Ref. [17]) yields an un-
screened bulk susceptibility of xiQL- 1.2x107'2 esu.
This is in reasonable agreement with the experimentally
obtained x}Q)=1.4X 10713 esu, taking into account es-
timations of the so far neglected screening and local field
effects [13].

Normally a strong quadrupole bulk contribution also
leads to a strong effective interface dipole susceptibility
via the strong field gradients at the interface [10,12].
However, since only the 7{2 and 2{?’ tensor component
are involved in the field gradient induced surface suscep-
tibility, which are just forbidden components for the MD
contribution, the dominance of the MD processes is a nat-
ural way to explain the minor role of any surface and in-
terface tensor component. Furthermore, contributions
proportional to V-¥ @ at the interface [10] are only of
importance if the electric dipole forbidden transition
occurs at 2w, which is not the case for our resonant Cgg
study.

In conclusion, we fully described the origin of the SHG
resonance for Cgp at 2hw =3.60 eV. We demonstrated
the dominant role of the MD induced contribution, which
was confirmed by the LCAO calculation. The strength of
the SH response of Cgg is illustrated by the notion that
[n(w)w/clxi®=1.8x1078 esu for Cgo is an order of
magnitude larger than the electric dipole allowed (but
nonresonant) x,(&l =19%x10"% esu of noncentrosym-
metric quartz. The reason that particularly Cgo shows
such a strong MD induced SHG is related to the spheri-
cal shape of the molecules, with a large radius, and the
presence of a diagram with two levels of the same / quan-
tum number, split such that a double resonance is possi-
ble.

We outlined a systematic method for the full separa-
tion of all tensor components in the thin film geometry.
As shown for the Cgo experiment, the method can also be
reversed. Once having a strong indication that bulk pro-
cesses are dominant, the thin film experiment yields infor-
mation about the MD or EQ character of the bulk SHG.
Both applications of the presented general method might
show their value to many other thin film systems.
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