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F
uture nanoplasmonic devices will
most likely rely on the interplay be-
tween the strong intrinsic optical

nonlinearities of excitonic nanostructures
and the ability of metallic nano-objects to
concentrate electromagnetic fields locally.
Consequently, the optical properties of hy-
brid nanostructures comprising active
materials, for example, semiconductors or
J-aggregated molecules, and metals are cur-
rently attracting considerable attention.1,2

In favorable geometries, these properties
are governed by a new class of short-lived
quasiparticles, exciton�surface plasmon
polaritons, in short “excimons”,3 with
hitherto unexplored nonequilibrium dy-
namics.4 Their stationary, quasi-equilibrium
properties have now been studied in a vari-
ety of rather different hybrid nanostruc-
tures, ranging from J-aggregated dye5�8 or
semiconductor quantum dots9 deposited
on thin metallic films to gold gratings on
semiconductor quantum wells.10 Exci-
mons bear some similarities with mesos-
copic microcavity polaritons, which are
formed when semiconductor nanostruc-
tures are placed inside a dielectric
resonator11�14 and have found unique ap-
plications in, for example, polariton
lasing15,16 and condensation.17,18 How-
ever, excimons can be spatially confined
to tens of nm, whereas the characteristic
length of microcavity polaritons is given
by the optical wavelength.

The binding energy of such excimon
quasiparticles, that is, their Rabi splitting en-
ergy ΩR ) ∫µfX(rb) · EbSPPdV, is essentially
given by the spatial overlap integral of the
excitonic transition dipole moment density
µfX(rb) and the electric field vector EbSPP(rb) of
the local surface plasmon polariton (SPP)
mode. Large �R of up to several hundreds

of meV have been demonstrated so far.6�9,19

This necessarily implies that the optical
properties of such strongly coupled hybrid
structures can be drastically altered by ex-
ternally manipulating µfX(rb) or EbSPP(rb).
Due to the anticipated short quasiparti-
cle lifetimes, such a control may occur on
an extremely fast time scale and hence
prove interesting, for example, for appli-
cations to ultrafast all-optical switching
devices20�22 with potentially nanometric
size and single photon operation capabil-
ity.23

In this manuscript, we report angle-
resolved, ultrafast nonlinear optical spectra
of a prototypical hybrid structure consisting
of a gold nanoslit array coated with a
J-aggregated dye film (Figure 1). We dem-
onstrate transient, reversible, and essen-
tially complete switching of �R on a femto-
second time scale by manipulating the
exciton dipole moment. Controlling the �R

results in pronounced, ultrafast changes of
the sample reflectivity up to 40% at certain
resonance wavelengths, making such a hy-
brid structure an externally switchable me-
tallic mirror.
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ABSTRACT We demonstrate an ultrafast manipulation of the Rabi splitting energy �R in a metal�molecular

aggregate hybrid nanostructure. Femtosecond excitation drastically alters the optical properties of a model

system formed by coating a gold nanoslit array with a thin J-aggregated dye layer. Controlled and reversible

transient switching from strong (�R � 55 meV) to weak (�R � 0) coupling on a sub-ps time scale is directly

evidenced by mapping the nonequilibrium dispersion relations of the coupled excitations. Such a strong, externally

controllable coupling of excitons and surface plasmon polaritons is of considerable interest for ultrafast all-

optical switching applications in nanoscale plasmonic circuits.
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SAMPLE FABRICATION
We investigate a hybrid nanostructure consisting of

a 50 nm thick J-aggregated dye layer spin-coated onto

a periodic array of nanoslits in a gold film, schematically

shown in Figure 1a. The gold reflection gratings with a

size of 150 � 150 �m2 were fabricated by focused ion

beam milling of periodic nanoslit arrays with different

periods a0 � 380�430 nm, depth h0 � 30 nm, and slit

width c0 � 45 nm. The cyanine dye 2,2=-dimethyl-8-

phenyl-5,6,5=,6=-dibenzothiacarbocyanine chloride

(Hayashibara Biochemicals Laboratories, Inc.) is dis-

solved in a solution containing polyvinyl alcohol (PVA),

water, and methanol. At a concentration of �0.5 mols

per dm3 in dry PVA, the dye shows strong so-called

J-aggregation.24 This is evidenced by spectral narrow-

ing of the optical absorption spectrum and a redshift of

about 100 nm relative to the monomer spectrum to

�695 nm [Figure 1b]. The occurrence of this strong

J-band in the absorption spectrum is generally attrib-

uted to the collective response of partially ordered do-

mains containing �10 optically coupled molecules.24�26

A typical optical density of a 50 nm thick spin-coated

film is �0.4. This corresponds to a maximum excitonic

absorption coefficient of � � 2 � 105 cm�1, which is

about 1 order of magnitude larger than that of a com-

parable film containing dye monomers. Their large ab-

sorption coefficients obviously make J-aggregates in-

teresting candidates for studying exciton�SPP
interactions.5�7,13,14,19,27,28

OPTICAL RESPONSE OF THE J-AGGREGATES
When spin-coated onto a planar gold film, the dye

reduces the high reflectivity Rg of the gold film from
more than 0.95 to less than 0.25 at the exciton reso-
nance (see Supporting Information). Because the reflec-
tivity spectrum of the bare gold film is unstructured,
the measured signal is equivalent to a double-pass
transmission through the dye film. Qualitatively, the
planar dye film reflectivity spectrum Rd � Rg � b · L is
rather well described by modeling the dye absorption
by a single Lorentzian line shape L(	) � (
/�)/[(	 � 	0)2

� 
2], centered at the exciton resonance with a width

 of only about 20 meV (8.5 nm) and a fluence-
dependent amplitude b. Such a model, although found
to describe well the results presented in this work, is
certainly only approximate as it neglects disorder
effects, known to be important for J-aggregated dye
films.

Measurements of the nonlinear optical response of
such a J-aggregated film deposited on a flat gold mir-
ror are shown in Figure 1c. The figure displays ultrafast
differential reflectivity R/R0 � (R � R0)/R0 (R and R0: re-
flected probe laser power in the presence and absence
of the pump, respectively) spectra recorded under exci-
tation at 620 nm, at a fixed pump�probe delay t �

150 fs and for various pump fluences Fpu. All spectra
show an increase in reflectivity, R � 0, at the
J-aggregate exciton resonance with its amplitude ini-
tially increasing linearly with Fpu (not shown). The off-
resonant pump generates a transient increase in exci-
ton population nX. This results in a saturation of the
exciton absorption � � �0 · (1 � nX) (�0: absorption co-
efficient in the absence of pump) and, hence, an in-
crease in intensity of the probe laser reflected off the
gold mirror. At low fluences, a dip, R � 0, is seen
around 682 nm, which most likely arises from the in-
duced one-exciton to two-exciton transitions in indi-
vidual J-aggregate domains.25,29 The excited-state ab-
sorption band is blue-shifted by about 10 nm with
respect to the one-exciton resonance (see supporting
online material). At higher fluences, it is apparently
bleached as well and R changes sign at the highest
Fpu, reflecting the complex interplay between exciton
relaxation, dissociation, and exciton�exciton annihila-
tion dynamics.25

LINEAR OPTICAL RESPONSE OF THE HYBRID
NANOSTRUCTURES

For our grating structures, we have chosen a nar-
row slit width of �45 nm and a shallow depth of �30
nm to ensure narrow SPP resonances.30 When such
gratings, coated with a dye-containing polymer film,
are illuminated with p-polarized light at incidence angle
�, evanescent SPP fields are excited at the

Figure 1. (a) Schematic of the metal�molecular aggregate hybrid
nanostructure consisting of a 50 nm thick J-aggregate film spin-
coated onto a gold nanoslit array with a0 � 430 nm period, h0 �
30 nm depth, and c0 � 45 nm slit width. The dye-film thickness is
measured from the top of the grating. (b) Room temperature ab-
sorption spectra of the cyanine dye in monomer (red) and
J-aggregated (black) form. (c) Normalized �R/R0 spectra of the
J-aggregated cyanine dye (T � 77 K) as a function of pump flu-
ence (shifted for clarity as indicated by the dotted lines). (d) The
calculated spatial distribution of the electric field amplitude |E�| for
p-polarized excitation at 695 nm at the exciton�SPP crossing (�
� 32°) is characterized by a strong field enhancement in and near
the slits as well as a discontinuity at the air�film interface.
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polymer�metal (PM) interface by transferring momen-

tum n(2�)/(a0), n � Z, to the incident photons. Small

grating periods are chosen to only excite the PM[n �

�1] SPP and to avoid interactions among different SPP

modes.31 For the a0 � 430 nm sample, the PM[�1] reso-

nance energy can be varied between 630 and 780 nm

and, hence, can be tuned into resonance with the

J-aggregate excitons by varying � between 20 and 50°.

Figure 1d illustrates the electric component of the SPP

fields, that is, |E�(x, z)|, obtained from a full solution of

Maxwell’s equations for our nanostructure for mono-

chromatic, p-polarized plane-wave illumination at � �

32°, corresponding to the exciton�SPP resonance. The

calculations reveal strong evanescent SPP fields local-

ized mainly near the slit region and characterized by a

short decay length well below 100 nm.

We now discuss the linear reflectivity spectra of a

J-aggregated cyanine dye film deposited on such a

grating (Figure 2). The hybrid nanostructure reflectiv-

ity, Rh spectra show again a strong reflectivity dip at

the exciton resonance, only faintly reduced compared

to that of Rd. In addition, new and pronounced dips in

reflectivity arise since the incident photons can now

also couple to SPP excitations of the grating (see Sup-

porting Information). To emphasize the polariton re-

sponse, normalized angle-resolved reflectivity spectra

Rn � Rh/Rd are shown in Figure 2a. A clear anticrossing

of the polariton-related dips in reflectivity is observed.

This anticrossing is a signature of the strong coupling

between excitons and SPPs in the hybrid structure. The

interaction between the excitonic transition dipole mo-

ment density �� X(r�) and the local SPP field E�SPP(r�) in-

duces an exciton-SPP coupling with Rabi energy �R.

This results in the formation of two coupled modes, the

upper (UP) and the lower (LP) exciton-SPP-polariton

modes (excimons) with eigenenergies

where 	̃X,SPP � 	X,SPP � i
X,SPP denote the (complex)
eigenenergies of the uncoupled exciton and SPP, re-
spectively. Under our experimental conditions, we ob-
serve no effect of the laser intensity on the polariton
resonance energies. We therefore conclude that �R,
which scales as �R � (1 � N)1/2, N being the number of
photons per SPP mode,32 is mainly governed by the
coupling of the exciton dipoles to the vacuum SPP field
ESPP

0 , whose field strength apparently exceeds that in-
duced by the external laser field. Therefore, ESPP � ESPP

0

and the external laser field does not affect the linear
spectra.

The results in Figure 2a are qualitatively well repro-
duced by a numerical solution of Maxwell’s equation
for this hybrid structure [Figure 2b]. Here, we take a
Lorentzian oscillator model for the dye response and a
constant background dielectric function �bg to account
for the polymer film. These calculations give clear evi-
dence for the formation of the coupled exciton�SPP
modes. The dispersion relations of the UP (higher en-
ergy) and LP (lower energy) polariton modes [Figure 2c]
are readily derived from the reflectivity dips in Figure
2a,b and agree well with the predictions of eq 1 for �R

� 55 meV. This value of �R is somewhat smaller than
those reported in earlier studies6,7,19,27,28 because we
used thinner dye films and narrow, shallow gratings to
minimize radiative SPP damping30,31 and to increase the
polariton lifetime.

NONLINEAR OPTICAL RESPONSE OF THE
HYBRID NANOSTRUCTURES

We now turn to the nonlinear optical properties of
our hybrid structures. Experimentally, we illuminate
the sample at normal incidence with a short, 80 fs, off-
resonant p-polarized pump laser pulse centered at 620
nm. The pump laser excites J-aggregate excitons in the
tail of their absorption spectrum [Figure 1b], yet does
not couple to SPPs throughout the entire range of inci-
dence angles studied here. Therefore, we expect that
it will mainly alter the exciton density nX in the
J-aggregate film on an ultrafast time scale. The experi-

Figure 2. (a) Angle-resolved normalized p-polarized reflectivity Rn � Rh/Rd spectra obtained at T � 77 K by dividing the re-
flectivity Rh of the hybrid nanostructure with a0 � 430 nm by that of a J-aggregate layer deposited on a planar gold film, Rd

(see Supporting Information). This normalization emphasizes the strong coupling between J-aggregate excitons and PM[�1]
SPP with a large �R � 55 meV. The white and black dashed lines indicate the dispersion of the uncoupled and coupled reso-
nances, respectively. (b) Calculated p-polarized reflection spectra obtained by solving Maxwell’s equations. (c) Comparison of
the polariton dispersion obtained from observed spectra (open circles), Maxwell’s equations (solid line), and coupled-
oscillator model (dashed line).

ω̃UP,LP ) 1
2

(ω̃X + ω̃SPP) ( �1
4

(ω̃X - ω̃SPP)2 + ΩR
2

(1)
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ments aim at probing the effect of this change in nX

on the optical properties of the hybrid structure. We

achieve this by monitoring the pump-induced changes

in the reflectivity R of a weak broad-band p-polarized

probe pulse incident at angle � in a nearly collinear

pump�probe setup.

Angle-resolved R/R0 spectra recorded at a delay

t � 150 fs for a J-aggregate film on a gold grating

with a period of a0 � 380 nm are shown in Figure 3

for three different pump fluences. In all the experi-

ments, we see a pronounced and angle-independent

optical nonlinearity near the exciton resonance. The

pump fluence dependence of its line shape principally

follows that discussed in Figure 1c. These signatures re-

flect the optical nonlinearities of those excitons, which

are not strongly coupled to the SPP field and are there-

fore similar to those seen for a J-aggregate film depos-

ited on planar metal.

More important is the similarly pronounced nonlin-

earity near the polariton resonance energies. It is signifi-

cant even at 30 nm wavelength difference and at inci-

dence angles which differ up to about 10° from the

exciton�SPP crossing. This is rather remarkable and

clearly demonstrates that the strong coupling between

exciton and SPP mode transfers excitonic nonlinearity

to the new coupled resonances. In contrast to the ab-

sorptive shape of the linear Rn spectrum in Figure 2 with

a minimum at 	 � 	UP, LP, the polariton nonlinearity

R exhibits a dispersive line shape at all pump fluences

and incidence angles. A detailed analysis shows that

the positive R � 0 peak (marked by black lines in Fig-

ure 3), that is, an increase in probe reflectivity, is found

slightly (�5�10 meV) above (UP branch) or slightly be-

low (LP branch) the polariton resonance energies 	UP, LP

(see Supporting Information). A minimum in R

(marked by the white dashed lines in Figure 3) is al-

ways found on the low-energy (UP) or high-energy (LP)

side of 	UP, LP. In the nonlinear spectra in Figure 3, the

magnitude of the signal from the UP branch is gener-

ally somewhat smaller than anticipated from the linear

spectra shown in Figure 2. It is expected that the UP

nonlinear signal is lower than that of the LP branch. The

increase in radiative broadening of the UP resonance

with decreasing wavelength30 results in a somewhat

broader linewidth of the UP branch. Since the shift in

Rabi frequency is the same for UP and LP branch, the

magnitude of the UP nonlinearity is therefore reduced.

This argument is only valid in the limit of a shift in Rabi

frequency which is much smaller than the linewidth. In-

deed, the relative strength of the UP nonlinearity in-

creases at higher fluences.

EFFECT OF EXCITON DENSITY ON EXCITON�SPP
POLARITON FORMATION

To explain the observed spectral line shape of the

nonlinear spectrum, we consider the effect of the off-

resonant pump on �R. The pump-generated exciton

density nX will saturate the excitonic oscillator strength

which, in thermal quasi-equilibrium, may be approxi-

mated as f � f0/[1 � (nX/nS)].33 Here, f0 denotes the ex-

citonic oscillator strength in the linear regime in the ab-

sence of the pump and nS, the exciton saturation

density. This accordingly reduces the exciton transition

dipole density �X � �f. The saturation of those excitons

nX,c that couple strongly to the SPP field will therefore

induce a reduction in the splitting �R � �R,0/[1 �

(nX,c/nS)]1/2, where �R,0 is the Rabi energy in the ab-

sence of a pump. A similar bleaching of Rabi splitting

has been seen in earlier stationary and time-resolved

measurements on semiconductor microcavities.34,35

Here, it is observed for the first time in a hybrid

metal�molecular aggregate nanostructure.

The pump-induced change in �R qualitatively ex-

plains the observed R signatures. On the LP branch,

the pump will transiently shift the polariton resonance

to higher energies, eq 1, resulting in a dispersive R

resonance with a positive peak at lower energies. On

the UP branch, the energy shift is in the opposite direc-

Figure 3. Angle-resolved �R/R0 spectra (T � 77 K) of the hybrid structure with a grating period of a0 � 380 nm. The sample
is excited by 80 fs pulses centered at 620 nm. The spectra are recorded in a nearly collinear pump�probe setup at a delay of
150 fs. Results are presented for pump energies of (a) 1.4, (b) 7, and (c) 25 nJ, which correspond to fluences of Fpu � 9, 44,
and 159 �J/cm2, respectively. All panels show (i) the angle-dependent nonlinear exciton-SPP polariton response (white
dashed lines), (ii) the polariton features of the linear spectra (black dashed lines), and (iii) the angle-independent nonlinear re-
sponse of the J-aggregate (green dashed lines).
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tion. This indicates that the dip in reflectivity (white
dashed lines in Figure 3) probes the polariton reso-
nance energies 	UP,LP in the presence of the pump. At
the highest fluence, Figure 3c, the angle-dependence of
the dip principally follows the dispersion relation of
the uncoupled SPP mode of the nanoslit array, suggest-
ing that �R has been reduced close to zero.

To quantify the effect of the exciton saturation on
�R, we have plotted in Figure 4 the resonance ener-
gies of (a) the R � 0 peak and (b�d) the dips R � 0
at the three pump fluences of Figure 3 as open circles.
Because the R � 0 peak reflects the linear reflectivity
in the absence of the pump pulse, it is independent of
the fluence, whereas the R � 0 dip is fluence-
dependent. The data are compared to the same quanti-
ties deduced from a full solution of Maxwell’s equation
(solid lines) and from the coupled oscillator model
(dashed lines). The data in (a) confirm �R of �60 meV
in the absence of the pump. The data in (b�d) indicate
a reduction in �R to 20 (b), 5 (c), and 0 meV (d) with in-
creasing power. These results support the conclusion
that most of the strong polariton nonlinearities seen in
Figure 3 result from a saturation of �R. A more quanti-
tative analysis of the pump effect on �R should there-
fore be based on eq 1 together with an appropriate line
shape model for the polariton resonances. For low
pump fluences, such an analysis suggests smaller
changes in �R, specifically a transient reduction by 5
meV at 9 �J/cm2.

The effects of the pump-induced saturation of �R

on the optical properties of the hybrid structures are
rather remarkable. Figure 5a shows the probe reflectiv-
ity spectra recorded at � � 49° in the absence and pres-
ence of a pump at Fpu � 44 �J/cm2, preceding the
probe pulse by 150 fs. As highlighted in Figure 5a, the
pump-induced exciton creation reduces the sample re-
flectivity in the shaded area by up to 40%, e.g., from
80% down to 46% at 710 nm. The exciton creation shifts
the LP resonance energy 	LP by 11 meV, slightly more
than the line width 
LP � 10 meV of the resonance (see
Figure 3a). In principle, even larger shifts are expected
for higher fluences. Data at intermediate fluences are
chosen in Figure 5a to definitely ensure that the ob-
served shifts are unaffected by possible long-term
photobleaching of J-aggregated dyes. Such a pro-
nounced shift of the polariton resonance is substan-
tially different from the reduction in polariton peak
height with small change in Rabi splitting observed in
experiments on high-quality semiconductor microcavi-
ties, where excitation-induced dephasing effects are im-
portant.36 The change in reflectivity around 690 nm is
more complex since it results from both the bleaching
of uncoupled excitons and the red-shift of 	UP.

Figure 5b compares the time dynamics of the nor-
malized R/R0 signal at the bare exciton, and the up-
per and the lower polariton resonances. The data are re-
corded at � � 42.5° and for Fpu � 159 �J/cm2, where

all three resonances are spectrally well separated. The

dynamics at a probe wavelength of 685 nm reveal an

exciton lifetime of less than 0.9 ps, typical for this kind

of J-aggregated dye whereas the polariton lifetimes are

substantially shorter, less than 0.4 ps. Such a reduction

of the polariton lifetimes in comparison to those of the

uncoupled excitons may to some extent be expected

due to the very strong radiative damping of SPP modes

(their lifetimes are only in the range of a few tens of

fs).30,31 The enhanced radiative damping of the polari-

ton modes may therefore be the reason for the reduced

lifetimes of the UP and LP modes. Our present measure-

Figure 4. UP and LP resonance energies deduced from the non-
linear spectra (Figure 3) by taking (a) the positive peak of the
�R/R0 signal at 9 �J/cm2 and its negative peak at (b) 9, (c) 44,
and (d) 159 �J/cm2. Open circles are deduced from the experimen-
tal data, and solid and dashed lines represent the same quanti-
ties extracted from the full solution of Maxwell’s equations and
from the coupled-oscillator model, respectively. The coupling pa-
rameter �R in the oscillator model decreases from 60 to 20, 5, and
0 meV with increasing pump fluence.

Figure 5. (a) Probe reflectivity of the hybrid structure at � � 49°
in the absence (black) and presence (red) of a pump, recorded at
�t � 150 fs and for Fpu � 44 �J/cm2. The pump-induced reduction
of �R spectrally shifts the LP resonance and strongly reduces the
reflectivity around 710 nm, making the sample essentially a swit-
chable mirror. (b) Time dynamics of the normalized �R/R0 signal at
the UP (675 nm), LP (710 nm), and exciton (685 nm) resonances
at � � 42.5° and Fpu � 159 �J/cm2. The short UP and LP lifetimes
reflect the pronounced radiative polariton damping.
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ments, however, have been performed with nonreso-
nant pumping resulting in the creation of a broad dis-
tribution of both uncoupled and coupled excitons. The
dynamics measured in Figure 5b therefore do not nec-
essarily probe the radiative damping dynamics but
rather a complex interplay between exciton relaxation
and radiative damping dynamics. For a more direct
analysis of the radiative polariton damping, experi-
ments under resonant excitation conditions are needed
which are currently underway in our laboratory. In Fig-
ure 5b, the transient change in reflectivity vanishes al-
most completely (�75%) within 1 ps. This shows that
the pump-induced change in �R and hence the sample
reflectivity is fully reversible occurring on a very fast
time scale.

The observation of such a pronounced, externally in-
duced, fast and reversible change in reflectivity of a
metal-molecular aggregate nanostructure suggests
that these hybrid structures can indeed act and poten-
tially find applications as externally controllable,
ultrafast switchable mirrors. For future applications it is
certainly necessary to use active materials which are

less susceptible to photodamage.37 It also should be in-
teresting to further miniaturize the photonic cavity vol-
ume to approach the fundamental limit of an ultrafast
single photon transistor.23

CONCLUSIONS
We investigated the ultrafast optical nonlinearities

of a prototypical metal�molecular aggregate hybrid
nanostructure. We show that the optical properties of
such hybrid structures are governed by the strong cou-
pling between excitons and SPPs and demonstrate a re-
versible transition between the strong and weak cou-
pling regime on a subpicosecond time scale. This allows
us to transiently reduce the reflectivity of a gold mirror
by up to 40% in a range of near-infrared wavelengths.
We anticipate that such a strong, externally controllable
exciton�plasmon interaction is of considerable impor-
tance for implementing novel nanophotonic devices
such as switches, modulators, or transistors, potentially
operating on ultrafast time scales and with only a single
photon thus adding an important active functionality
to high speed, high density plasmonic circuits.

EXPERIMENTAL SECTION
All the experiments are performed using an angle-resolved

reflectivity setup with angular resolution of 0.2° and spectral
resolution of 0.2 nm. A coherent white-light source (Fianium
SC-450-4) is used for linear reflectivity measurements recorded
with p-polarized light, whereas R/R0 measurements are per-
formed using a pump�probe setup based on an optical para-
metric amplifier system operating at a repetition rate of 1 kHz.
Pump pulses (80-fs) centered at 620 nm are used for excitation
and a white-light continuum generated in a sapphire plate pro-
vides time-delayed probe pulses covering the range from 630 to
750 nm. Both pump and probe pulses are p-polarized and nearly
collinearly focused onto the sample with a beam diameter of
�100 �m at an incidence angle � with respect to the sample nor-
mal. Angle-resolved R/R0 spectra from 30 to 50° are recorded
at different pump�probe delays t under vacuum at a temper-
ature of T � 77 K to minimize J-aggregate photobleaching. Con-
trol experiments are performed on a planar dye-coated gold
sample without nanoslit arrays.
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