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Tunable Fermi resonance in a C ,Fg monolayer on graphite
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The infrared absorption spectrum ofFg physisorbed on graphite in the commensurat® phase

has two strong, narrow peaks associated withithenolecular vibration. They are interpreted as a
Fermi resonance betweens; and the vg+wv,; combination band, which are shifted into
near-coincidence by dynamic dipole coupling between the adsorbate molecules. The splitting and
relative strengths have been measured as the coupling is reduced in a lower-density, tilted,
incommensurate phase and are consistent with theory. It is shown that two alternative descriptions,
as Fermi resonance between exciton modes of the layer or as dynamic dipole coupling between
molecules with two vibration modes, are essentially equivalent. To fit the experimental frequency
shifts and absolute absorption strengths, it is necessary to use a value fog thibrational
polarizability of the adsorbed molecule that is somewhat smaller than the value for the free
molecule. ©2002 American Institute of Physic§DOI: 10.1063/1.146261]1

I. INTRODUCTION resolution (after apodization of 0.75 cml. The 3D gas-
) ) . phasevs band is visible at lower energy, with its Q branch at
Infrared reflection absorption spectroscoRRAS) is 1177 cmL, Figure 2 shows the shifts of the two frequencies

metals! but only occasionally has it been applied to phys
isorbed films on graphit&.® Graphite is a sufficiently good

conductor in the infrared so the usual dipole selection rul
applies: Only the projection of the induced dipole momentperatures fall on nearly the same curve.

. . - The vs mode is nondegenerate and all adsorbate sites are
perpendicular to the surface is observable in infrared absorp-_ . .
. . equivalent for the proposed triangular monolayer structure.
tion. For a molecule such as,k; which has a strong ab-

sorption band #s) with dipole moment parallel to the C-C Therefore, the splitting of the absorption band is attributed to
5 - « . . . .
axis and another 1f,) perpendicular, IRRAS provides a mixing with the vg+ v1; combination band. In the gas phase

rather direct experimental measure of the average tilt of mol'Ehls band is centered at 1139 cinand 't_ has integrated
ecules with respect to the surface norfhabart from appli- absorbance about 1/20 that of. It has suitable symmetry
cations, IRRAS study of adsorbates on graphite offers afEuEg=Eu+ A1+ Ay, for the symmetry groupsq of the
opportunity to observe dynamic dipole coupling effects withfree moleculg to mix with vs (Az,). In the surface mono-
minimal complication from chemical shifts, which are com- layer, the strong’s mode is expected to be shifted to higher
parable in magnitude in most chemisorption systems. frequency by dynamic dipole couplit§ That is, each vi-

Knorr and co-workers studied ,E monolayers on brating molecule sees the electric dipole fields produced by
graphite by x-ray diffractioh® and heat capacifymeasure- its vibrating neighbors; this couples the individual molecular
ments. They identified a low temperature, triangular comibrations into a band. Infrared wavelengths are much longer
mensurate 22 phase, with molecules inferred to be upright, than the intermolecular spacing, and so couple only to vibra-
and a phase transition to an expanded triangular pffagat  tional “excitons” at the center of the Brillouin zonghat is,
higher temperatures and lower chemical potentifdsver  with all molecules vibrating in phageThe effect is treated
spreading pressureThe x-ray data show a continuous ex- classically. If the dipole axes are oriented perpendicular to
pansion on moving away from the commensurate phase. Ouhe layer, the effect is to shift the zone-center exciton to
IRRAS data show that, in addition, the molecular C—C axishigher frequency’ The spectra in Fig. 1 suggest that dy-
becomes tilted progressively from nearly perpendicular tchamic dipole coupling has shifted thg mode sufficiently
the surface at the transition to nearly parallel to the surfaceénhat, in the absence of anharmonic coupling, it would nearly
some distance away. This work will be reported in detailcoincide with the combination mode. Then, anharmonic cou-
elsewheré. Two samples of the absorption spectrum in thepling (Fermi resonandeproduces strong level mixing and
region of v for the commensurate monolayer are shown byrepulsion of about:5 cm 2. (On the surface, the symmetry
dashed curves in Fig. 1. This spectrum hardly changes ovejf the molecule oriented perpendicular to the surface is re-
the entire commensurate region of the phase diagram. Theggced toC,, , representing the loss of inversion symmetry;
are two sharp peaks of nearly equal height at 1132.8 anghjs does not change the mixing of the combination mode
1142.8 cm -, each only slightly wider than the instrumental \yith vs.) In the following sections the experiment is de-
scribed, the theory is reviewed, and its predictions compared
3Electronic mail: gbh@virginia.edu with the experimental results.

“phase(points at the upper right endy reducing the 3D
éaressure; hence, the chemical potential. Data for four tem-
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FIG. 3. (a) Separation of the peaks in Fig. 1 vs frequency of the lower peak.
(b) Relative area under the peaks in Fig. 1. The lines are theory, described in
the text.
0.004 -
the substrate. In these measurements the adsorbate is in equi-
librium with 3D C,Fg gas admitted to the cell. The outer
-0.001

vacuum jacket of the cryostat has another pair of ZnSe win-
dows. Spectra were taken with a Mattson Research Series
Fourier transform spectrometer at 0.5 ¢rmominal resolu-

FIG. 1. Monolayer absorption spectra in the region of GFs. The two tion, summing S_Cans for abO_Ut 3 min per spectrum. The
dashed curves are in the commensurate phase of the monolayer. The thi@iher unconventional cryogenic arrangement has several ad-
solid curves are at lower pressures in the tilted incommensurate phase. Arantages, among them that measurements can be extended to
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sorption by the 3D gas is centered at 1117 &m

Il. EXPERIMENT

relatively high pressures and substrate contamination prob-
lems are reduced by the cold cell walls.

The substrate is a slab of highly oriented pyrolytic Ill. RESULTS
graphic clamped to a copper cold finger, cooled by a closed-

cycle refrigeratof? This is enclosed in a small cell, with

Five spectra at 105 K for different gas pressures are

ZnSe windows oriented for 70° angle of incidence, which isShOWn in Fig. 1. At this temperature the monolayer Tl phase
maintained at a temperature only slightly higher than that ofS €rossed in a convenient range of pressures, high enough to
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ensure rapid equilibration but low enough to avoid excessive
absorption by the 3D gas. Antireflection coating of our win-
dows was optimized for a higher frequency range, so fringes
are a problem in the range aroumd. In order to remove
them without reducing resolution, a background spectrum
was constructed by splicing together segments away from
peaks of two other spectra, not included in the figure. This
background was subtracted from each spectrum shown.
The three spectra in the Tl phase are shown by solid
lines. As the pressure is reduced, both peaks move to lower
frequency and broaden. The higher-frequency peak loses
strength relative to the lower peak. At the same time the
surfacer, peak near 1275 ciit (not shown has appeared
and is increasing in strength, indicating that the molecules
are tilting away from the surface normal. The peak frequen-
cies and the areas under the bands in Fig. 1 were measured
and the results are plotted in Fig. 3. Figur@3shows the
separation between the two peaks as a function of the lower

FIG. 2. Frequency of the upper peak vs frequency of the lower peak fo ; :
various pressures at four different temperatures. Points at the upper right arfrequency' Figure () shows the ratio of the peak areas as a

e )
in the commensurate phase. The line represents theory, with parametef’éncuon _Of the lower frequency. The lines are results of
from the fit shown in Fig. 3. theory discussed below. Here, we simply note that there are
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two relevant free parameters and both curves are completebluded along with the fundamental mode in the starting point
determined by fitting each to the highest frequency dataf a dynamic dipole coupling calculation. This calculation is
point. carried through in some detail next.
Dynamic dipole coupling is treated by a classical mean-
field model. The polarization on siies

IV. ANALYSIS pi=a(w)(Ex+E),

Fermi resonance occurs when a fundamental vibrationalherea () is the molecular polarizabilit, is the external
mode is close in frequency to an overtone or combinatiorglectric field (assumed to be uniform over distances much
mode. The latter exist by virtue of anharmonic terms in thelarger than the lattice spacin@ndE; is the field at sité due
Hamiltonian of the formA; ;50703 or A1,:0:0,03, Whereq,  to the polarization of all of the other molecules and their
are vibrational normal coordinates in the harmonic approxiimages in the surface
mation (and 1=2 in the case of an overtonéA term of the
cubic type involves a third mode and contributes only in E=— 2 Uip; -
second-order or higher of perturbation theory because it is j(#)
odd in at least one coordinate. Thus, the contribution to thef 5| sites are equivalent, these combine to give
energy is of the form|(yiolA1,801020s|¥3)|*/(E1+Ep
—E3), wherey’s are harmonic wave functions artf are _ a(w) Eo=ap(w)E ?)
first-order energie$®'°If E,+E,=E; the energy denomi- P= T Ua(w) o~ @)=
nator approaches zero and the perturbation treatment is NOhereU==
valid. Instead, it is necessary to choose new linear Combina}érizability per molecule of the monolayer. For molecules
tions of the(nearly degenerate basis states to diagonalize th%vith N relevant vibrational modes
relevant part of the Hamiltonian. This procedure results in a

i(#ihUij is the dipole sum and(w) is the po-

fractional admixture of/; in the new eigenstates, givenlﬁy N anwﬁ
a(w)=ae+2 5 7 , (4)
1 5 n=1 wn—w —Iynwnw
a==1Y\3 - 2 /24 4W2 ' @) wherea, is the electronic polarizability. We will assume the

) 5 dampingy, is negligible. This polarizability function had
where 6=E3—Eiy, E1p=(E1+E;) and W*=|A1pd*. The  pairs of poles at- w,, and, providedk, is nonzeroN pairs of

new energy eigenvalues are zeros. The transformation ef(w) into ag(w) by the inter-
V. =Y Ea+Eypp)+ 3%+ AW, (2)  actionU can be rewritten from Eq3) as

If E5 is considered variable, Eq§l) and (2) describe 1 n 1 (5)

=U .
anticrossing behavior, in which the larger admixture/gfis ap(w) a(w)

transferred from the lower-energy branch to the higher'It is evident thateo(w) must have the same analytic form as
energy branch ag; increases through the valls,. In the Eq. (4) for a(w), but with different parametersr,(U),

case V\:where the hcorgblrjatlé)r; mo_d_etz h_ar? EO fosc(;lllator an(U), w,(U). The poles, but not the zeros, are shifted. One
strength except that derived by mixing with the fundamental,, , o general property of the transformation is evident from

m'(l)ldtf 3, the a_bsorlptlonz St:]?”r?th aslsoulated with egch mg fispection of Eq(5): If the interaction is separated into two
will be proportional toa:, . If the molecules are condensed . -, + U, , two successive transformations with

on a surface, interactions with the substrate and interactions, ;. 4re equivalent to a single transformation wigh For
between the adsorbate molecules will shift these vibration xaméle U, might be the interaction of a molecule with its
freql_Jem_:les. The Ia_tter interaction is _predomlnantly_from dY-own imaget® or for tilted molecules); andU , might be the
hamic dipole cquplmg, which will shifE, as a function of in-plane and perpendicular components of the field, pro-
adsorbate ‘?'e”s'ty- o , jected on the molecular axis. For any starting peigt «,,,

A Fermi resonance situation in an adsorbed film can b

df . f Vi both of which . w,, in the 2N+ 1 dimensional parameter space, varylig
t_reate rom tyvo p0|_nts_o view, both of whic are mstruc_— generates a trajector that is the same for any starting point on
tive. The starting point is a set of molecules with harmonic

. ) . . - " “that trajectory. Thus, the empirical input parameters have no
vibration modes, perturbed by anharmonic corrections withi ) Y b putp

: : ! undamental significance in the theory.
the molecule and by linear interactions between the mol- Consider first the case of a single resonanse: 1

ecules. The; first gpproao?the “I_:ermi resonance approach” Equations(3) and (4) give
treats the linear interactions first, constructing Bloch waves =
of coupled vibrations or “excitons,” then treats the principal ~ @3=wi(1+Ua;/(1+Uay)), (63
anharmonic term by the Fermi methtdThis leads to Egs. — 1

. . . ae=ao(1+Uag) -, (6b)
(1) and(2) above. Note that, besid&s, this theory contains
two parametersH; +E,) andW?. The second approacthe  and
“dynamic dipole coupling” approachtreats the perturba-
tions in the reverse order: A combination mode of the free
molecule, with frequency and polarizability which would re- Two independent combinations of these should be invariant
sult from treatment of the anharmonic perturbations, is in-along the trajectory and can serve to label the trajectory.

a;=a(1+Uas) M1+ U(aeta;y)) L (60
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These can be taken aga;/a’ and ag(ay+ a;)/a;. With
these fixed, any noninvariant paramefsay, w, or a;) can

G. B. Hess

Eq. (17) is nearly equivalent to Eq7) with the identification
E1,=0Q, andE;=Q,, andW?=Y?/16Q3. A shortcoming of

serve to designate the location along the trajectory. The arethis identification is that the presence Bf multiplying W?

under the absorption peak is proportional té;

under the radical skews the crossover region slightly. This is

=nfowImM{eo(w)}dw, wheren is the number of molecules corrected by the modified identificatidy ,= \/922+W2 and

per unit ared® Provided y;<1, this can be written ag,
=mhw;R;, whereR; is the residue at the pole atw; of
ag(w). Using the residue evaluated with Ed) for U=0,
this is Alz(a-r/Z)nalwf. This transforms asA;=A;/(1
+ ag)?, in agreement with Persson and Ryb&tghe recur-

ring factor (1+Ua,) ~* represents the screening of the field

Es;= \/Qzl— 3W?, for which the equivalence of the two equa-
tions is exact to ordew?.

The normalized absorption strengths are found from Eq.
(15
A

K1,2/(A1+Az): 3*3 (18

at the site of one molecule due to the electronic polarizability

of all of the other molecules and the images.

In the Fermi resonance approach, the absorption strengths

For N=2 the analogous relations are slightly more com-are proportional to the square of the admixture coefficeent

plicated. In the following one can chooger not to identify ~ in Eq. (1)
resonance 1 with a fundamental mode and resonance 2 with > 1 1)
a combination mode. The poles af(w) are found to be ai=3%3 (19)

2 ,= 302+ 0H = 3(Q-Q3)2+ Y2, @

where
O2=02+Kx, (8a
05=wiw5(ar+ ay)/K, (8b)
K=ai0i+ az03, 9
x=U-Q, (108
U=U/(1+Uay), (10b)
Q= (w5~ w})(a 0]~ a,03)/K?, (11)
and
Y?=4a 0,0 05 05— 0f) K. (12)

Multiplying the numerator and denominator Wy,,+E;
gives
K1,2/(A1+ Aj)=aZ
ES-ED

V(E3—E$)%+4W(Eg+Eyp)?
With either identification, this differs from E¢18) by a term
of orderW?. This difference is at most barely discernible in
Fig. 3b).

Da Costa and Colem&hhave calculated the IRRAS
spectrum for a multilayer film with two Lorentzian reso-
nances, treating the film as a continuum layer with Fresnel

reflection at the interfaces. In this model the absorption
peaks correspond to the LO modes, that is, the zeros of the

*

N[
N[

(20

Equation(7) has the form of an avoided crossing with dielectric function. This corresponds to the lintit—o in
asymptote€), a constant, an@5(U). The other input pa- the 2D dynamic dipole calculation.

rameters are transformed as follows:

ae=ag(1+Uag) %, (13
as before;

K=K(1+Uae) 2 (14)

L, VATHYEA

a7, Aw5= QKW, (15
with

A=03-02 (16)

From this one can easily calculaig ande,. The quantities

03, Y2, andK/a? are invariants. The areas under the two
absorption peaks are proportional to the two quantities in Eq.

(15).

V. DISCUSSION AND CONCLUSIONS

Essentially equivalent predictions for the frequencies of
the coupled modes are obtained from the Fermi resonance
approach, Eq(2) or (17), and the dynamic dipole approach,
Eq. (7), provided appropriate identifications are made of the
parameters specifying the uncoupled mode energies and the
coupling strength. Essentially the same expression for the
relative strengths of the coupled modes is obtained, with the
additional assumption in the Fermi resonance approach that
the polarizability of the combination mode is derived entirely
rom mixing with the one resonant fundamental mode. The
eason the dynamic dipole approach implies this constraint

In order to compare the results of the Fermi resonanc&@n be rationalized as follows: No other strongly mixing fun-

approach with the results of the dynamic dipole approach,

is necessary to square EQ)
Vi = H(ES+ED) +W?

+ I(E3—E2)2+4W2(E3+E;p)2. (17)

Typically W is not more than a few percent Bf,, soitis a
good approximation to neglect the additive tevdf. Then,

igamental is included in the theory, so all other contributions
to the polarizability of the combination mode are second-
order perturbations that are not contained in a linear response
theory.

Other parameters such as the absolute strengths, Eq.
(15), can be included in the Fermi resonance approach with
further elaboration. The polarizability assigned to the funda-
mental mode in the Fermi resonance approach must be
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al= a1+a2w§/w§, (21 phase, using the above parameters and the nominal angle of

) ) ) incidence of 70°, is 0.120 cnl. The measured value is 0.075
in order that the total integrated area of the absorption peaks;-1 smaller by a factor of 0.63. Equatiori4) and (9)

in each approach be the same. This is for the singleton. If thghOW thatK, like U, is effectively proportional tar, but

para.met_ers of the sipgle resonance transform under the d)ﬁ'as twice as strong dependence @nand opposite depen-
namic dipole |nteract|o_n acc_ord|-ng to E@) for N=1, the dence orlJ. A chemical shift ofw, relative tow, would also
equivalence of areas 1s mglmtam.ed_for ady The unper- shift ;, but an implausible valué—14 cm %) is required
::lfjrlgfigrfr?rqhueenncé ?BIZ) gi(\a/r;téﬂed withw, of the N=1 cal- 4t would have negligible effect df. This leaves reduc-
' ' tion of @, the most plausible remedy. The origin of this
_ aiwi apparent reduction i is not understood. It is not unique to
Ef‘*’ﬁm . (22) modevs: A correction factor of about 0.75 must be applied
] ) ¢ ) to the frequency shift of the; mode in the most expanded
With Eqg. (21), this has the same dependenceldms )i,  gojid monolayer phase, where the molecular axes are very
confirming the consistency of the identification B with  pearly parallel to the surface. Calibrated absolute adsorption
Q7 (or with 7—3W?). - o data are not available in this region. In chemisorption sys-
The experimental frequency splitting and relative inten-tomg the vibrational polarizability can be modified substan-
sities shown in Fig. 3 are fit with either theory by choosingtia"y by static and dynamic charge exchange with the sur-

_ _1 . . . . . . . 3 X X )
W=5.0 cm " to fit the theoretical minimum separation to the face. This is not expected to be important in physisorption.
points at the right end of Fig.(8 and choosingE,, (or

0,)=1132.5 cm to fit the frequency scale to the highest

points in Fig. 3b). This two-parameter fit is consistent with ACKNOWLEDGMENTS
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