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Abstract

Under the extreme condition of the scattering length being much shorter than the wavelength,

light transport in random media is strongly modified by mesoscopic interference, and can even be

halted in an effect known as Anderson localization. Anderson localization in three dimensions has

recently been realized for acoustic waves and for cold atoms. Mats of disordered, high-refractive

index semiconductor nanowires are one of the strongest three-dimensional scattering materials

for light, but localization has not been shown. Here, we use statistical methods originally devel-

oped for microwave waveguides to demonstrate that transport of light through nanowire mats is

strongly correlated and governed by mesoscopic interference contributions. Our results confirm the

contribution of only a few open modes to the transmission.
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Mesoscopic physics deals with wave interference effects that occur on a scale between

that of individual microscopic scatterers and the macroscopic average medium1,2. Every

scattering medium has a finite number of ingoing and outgoing degrees of freedom, defined

by the amount of diffraction limited spots at maximum numerical aperture per unit of

area. The transmission of the medium is then described by a matrix, with elements tab

being the transmission from an ingoing channel a to an outgoing channel b. A crucial

result from random matrix theory is that the eigenmodes of the transmission matrix are

not uniformly distributed. Instead, they consist of a large number of ”closed” modes with

negligible transmission and only a limited amount of ”open” modes with a transmission close

to unity. The average number of open modes is equivalent to the dimensionless conductance,

g =
∑
a,b

tab. Recently wavefront shaping techniques have enabled direct measurement of (parts

of) the transmission matrix3 and control over individual transmission eigenmodes of complex

photonic media4,5.

While recent experiments have been successful in demonstrating the existence of open

transport channels, the regime of strong light scattering and, in particular, the transition

from diffuse transport to strong interference and Anderson localization in three dimensional

media is still an open problem6. Anderson localization in three dimensions has only recently

been realized in acoustic wave experiments7 and cold atoms8, convincingly demonstrating

that mesoscopic transport is a general wave phenomenon. Pioneering studies have reported

indications of three-dimensional localization of light9,10. However, their conclusions were

based on the properties of the average intensity, where it is difficult to separate localization

effects from other contributions such as absorption or fluorescence11. Demonstrations of

mesoscopic interference corrections in three-dimensional materials in the optical regime12,13

have been limited to values of the conductance g in the range 102 − 104.

Here we demonstrate very strong, collective multiple scattering and mesoscopic light

transport in three dimensional nanowire mats. Understanding light transport in these

nanowire mats is of considerable importance for applications in next-generation light har-

vesting and optoelectronics devices14–17. The nanowire mats studied here consist of a high

density of GaP nanowires grown epitaxially on a GaP (100) substrate using a combination

of vapor-liquid-solid growth and sidewall growth (see Method). Importantly, samples can be

fabricated with high uniformity over areas of several cm2 and exhibit negligible absorption

of wavelengths longer than the indirect electronic band gap at 548 nm. Figure 1(a) shows a
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scanning electron microscopy (SEM) image of a cleaved section of the 6-µm thick nanowire

mat. The side-view image clearly shows the preferential alignment of the nanowires along

several crystallographic directions. In our experiments, the nanowires were pressed against

a glass coverslip. This procedure increased the homogeneity of the layer and reduced the

alignment (see Supplementary Section S1). Such compressed semiconductor nanowire mats

were shown to be one of the most strongly scattering materials in the visible wavelength

range18.

Characterization of diffuse transport

Multiple scattering by the collective of nanowires - as compared to transport through

individual nanowire waveguides - is characterized by a number of distinct features, such as

diffuse broadening of the spatial intensity profile, coherent backscattering18, and spectral

and spatial correlations. Several of these characteristics are shown in Fig. 1 and in the

Supplementary Section S2. This includes the ”memory effect”, a shift of the intensity speckle

pattern when displacing the sample over a distances less than the correlation length2. The

total transmission T , shown in Fig. 1(b), indicates a strongly reduced transmission through

nanowire mats of increasing thickness L, proportional to Ohms law T ∼ ℓ/L. Below 600 nm

wavelength, the transmission is reduced by a tail of increasing absorption toward the band

gap of GaP of 548 nm. Above 600 nm, the response is flat and indicative of low absorption

losses in the nanowires. We have characterized the static and dynamic diffuse transport

parameters of nanowire mats using a range of broadband methods 18,19. Figure 1(c) shows

the characteristic material parameters, mean free path ℓ, diffusion constant D, and the

transport velocity vE of light in the mat. The variation in ℓ and D with wavelength indicates

a transition from the weak scattering regime at long wavelengths to a resonant scattering

regime at shorter wavelengths, characterized by a distribution of angle and wavelength

dependent Leaky Mode Resonances, corresponding to the radial scattering modes of the

cylindrical nanowires16,20. Evidence of anisotropic diffusion is observed as an ellipticity of

the diffuse transmission (see Supplementary Section S2). Such anisotropy may help to lower

the localization threshold21. The three-dimensional nature of the random medium can be

inferred from the Thouless time of 1 ps obtained from the spectral correlation width shown

further below, consistent with the diffuse transport time L2/D with D the orientation-
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averaged diffusion constant. Quasi-ballistic transport in the vertical direction would give a

transport time of around 20−40 fs for a 6 µm thick slab. This result shows that the nanowire

mat is an anisotropic three-dimensional random medium, in contrast to anisotropic media

with one or more dimensions of decoupled quasi-ballistic transport22,23. The theoretical

treatment of mesoscopic effects presented below disregards anisotropy or inhomogeneity

along the thickness of the mat. While the general effect can be understood using available

isotropic theory, in future work a fuller understanding might be obtained from models which

take into account the sample geometry.

Spatial intensity fluctuations

To characterize mesoscopic light transport through nanowire mats we use the method of

intensity fluctuations, which has been shown to be robust against absorption24,25. Enhanced

intensity fluctuations are a result of the correlations induced by path crossings of the light

inside the medium2. Theory for three dimensional media predicts increased fluctuations for

reduced beam size, due to an increase of the crossing probability for two multiple scattering

light paths12,26. Therefore, light was focused tightly onto the sample as shown in Fig. 2(a).

The spatial intensity distribution at the surface of the nanowire mat was measured for

many thousands of microscopic scattering configurations in order to obtain a statistically

reliable data set (see Methods). The incident spot size was changed by displacing the

illuminating microscope objective over a controlled distance, keeping the numerical aperture

of illumination fixed.

Figure 2(b) and (c) show images of the normalized collected light sab = tab/ ⟨tab⟩ for the 6

µm thick nanowire mat for illumination conditions ”in focus” (IF) and ”out of focus” (OF),

corresponding to illumination spots of 1 µm and 15 µm width respectively (the same sample

position was used for both measurements). While the out of focus images show a relatively

homogeneous distribution of intensity fluctuations, many of the in focus images are governed

by only one or a few bright transmission spots. Histograms of the normalized intensity sab are

shown in Fig. 2(d). The out of focus data is reasonably well described by a Rayleigh (negative

exponential) distribution, representing the uncorrelated speckle fields2. A small deviation

from the ideal exponent of -1 is observed due to limited experimental contrast (which also

causes the small drop of the lowest intensities). However, even for out of focus illumination,
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an increased probability is found for high intensities sab. A fit using a mesoscopic transport

model27 gives good agreement for an out of focus conductance of gOF = 34 ± 1 (dashed

red line). The histogram for in focus illumination shows a much larger deviation from the

Rayleigh distribution, for which the mesoscopic model fit yields gIF = 3.6 ± 0.1 (black

line). Figure 2(e) shows that the fits describe particularly well the lower moments of the

distribution, which are generally used to quantify the mesoscopic contribution24,25. The low

value of g in focus indicates that on average only three independent open modes contribute

to the intensity transmitted through the nanowire mat. This value is at least two orders

smaller than values reported for other three-dimensional photonic materials12,13.

The dependence of the dimensionless conductance parameter g on the incident beam

width is shown in Fig. 2(e). The beam width as a function of focus displacement was inde-

pendently calibrated using a GaP substrate without nanowires and modeled using Gaussian

beam optics. For comparison, we also plot the focus dependence of 1/g for a nanowire

mat of 1.6 µm thickness. The fluctuations for the thinner sample are lower, indicating a

lower contribution of mesoscopic interference corrections. An intuitive model for the de-

pendence of g on slab thickness and incident spot size is the ”expanding waveguide”12. In

this description a quasi-one dimensional expression for g is integrated over short waveguide

sections of increasing width at different depths inside the slab to describe the effect of diffuse

spreading of the intensity (see Methods). The expanding waveguide model agrees well with

diagrammatic theory for the intensity fluctuations and correlations13,26. As the probability

of light paths crossing is inversely proportional to the waveguide width, mesoscopic inter-

ference effects occur predominantly in the first few mean free paths. It was found that the

focus dependence of g follows the expanding waveguide model well (lines in Fig. 2(f)), when

taking into account a minimum width of the waveguide given by diffuse broadening of the

illumination intensity over several mean free paths12. This broadening defines the smallest

g that can be measured. We note that our measured g is much lower than the number of

independent incident channels in the expanding waveguide which is of order k2
GaPw

2 ∼ 103,

with kGaP ≃ 33 µm−1 the wavevector in the GaP substrate and w the width of the diffuse

input intensity.

The Supplementary Section S3 shows experimental results for light impinging from the top

of the mat, obtained by reversing the direction of the optical beam in the setup. Qualitatively

similar results are found as for illumination from the bottom. A deviation in value of
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gIF might be caused by asymmetry of the nanowire mat, which tends to have a different

morphology over its cross section (Fig. 1a), or by differences in the interface conditions

(coverslip versus substrate).

Total transmission fluctuations

In addition to the spatial intensity statistics, we analyzed the fluctuations in the total

transmission of light transmitted through the nanowire mat. Figure 3(a) shows an example

of the transmission fluctuations as a function of sample position (see Methods), while the

distribution P (sa) is shown in Figure 3(b). The out of focus histogram shows a narrow

distribution which can be well described by a Gaussian (red curve). In comparison, the in

focus histogram shows a pronounced broadening and an asymmetry with respect to a Gaus-

sian (grey curve). These two characteristics indicate a deviation from the weak scattering

regime. Random matrix theory has shown that the tail of the distribution can be described

by an exponential ∼ exp(−gsa)
27. Indeed a good fit is obtained for an exponential with a

slope of g = 10.2± 0.4 (dashed line in Fig. 3(b)).

Figure 3(c) shows the experimental dependence of the total transmission fluctuations on

beam width. Fully three-dimensional theory in the diffusion approximation26 (line) pre-

dicts a similar dependence of var(sa) as our experimental data, however the variance lies

systematically a factor 5.5 below the value expected from the intensity statistics according

to var(sab) = 1 + 2var(sa)
24. The measured variance is still considerably higher than the

theoretical estimate for the fluctuation of the optical conductance s =
∑

a sa (red line)28.

At this point, no conclusive explanation can be given for this discrepancy between mea-

sured and theoretical var(sa). An experimental limitation forms the selection of exactly one

(spatial or angular) input channel, equivalent to a diffraction-limited focus. Typically, opti-

cal aberrations in the substrate and a limited numerical aperture are causes for deviations

from perfect single-channel illumination. For illumination from the top (see Supplemen-

tary Section S3), we find a slightly better agreement, which supports the hypothesis of an

experimental limitation.

In addition to experimental factors, the reduced variance may indicate limitations in the

theoretical models linking P (sa) and P (sab). We note in particular the extension of quasi

one-dimensional models to three dimensions22, which may alter the relationship between
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the variances and the conductance parameter g, and an as yet unknown role of anisotropy.

In addition, self-consistent localization theory has predicted significant deviations from the

hallmark lognormal distribution in three dimensions, including a reduction of the variance

and increased skewness29. Thus, the relationship between transmission fluctuations and g

is not absolutely established for such strongly scattering three-dimensional samples. Our

results of Fig. 3 are the first experimental demonstration of a large deviation from the Gaus-

sian distribution for total transmission in a three dimensional random medium. So far these

fluctuations have been observed in the microwave regime24,25 or in a quasi-one dimensional

geometry22. While a deeper understanding requires a full theory including anisotropy, our

results show that the regime of mesoscopic transport near the critical localization transition

is experimentally accessible in three-dimensional nanowire mats.

Compared to the variance, the skewness (third cumulant) of the distribution, (⟨s3a⟩ −

1), is expected to be more robust against averaging over input channels, as it is entirely

determined by contributions which include two path intersections13. We find a value for

the skewness in focus of 0.08 for the distribution of Fig. 3(b), which is 105 times larger

than previous measurements of this quantity reported for slabs of TiO2 paint13. Using the

relation (⟨s3⟩ − 1) = 16/45g2 for three dimensional media in the diffusion approximation27

we find a value of gIF = 2.1.

Spatial and spectral correlations

To complement our investigation into intensity fluctuations, we also examined the spatial

and spectral correlations of the transmitted light induced by multiple scattering in nanowire

mats (see Methods). These correlations form an important additional proof demonstrating

that the observed fluctuations result from mesoscopic interference and not from sample

inhomogeneity. The spatial C(∆r) and spectral C(∆ν) correlations of the transmitted

intensity are shown in Fig. 4(a-c). Both the out of focus spatial and spectral correlations

could be fitted using only a short-range (C(1)) contribution (red lines), where the spectral

correlation returned a value for the diffusion constant D of 14±1 m2s−1. The in focus spatial

and spectral correlations show a marked increase in both amplitude and width because of the

presence of additional long-range correlations2. For the spatial correlation, the long-range

component was obtained by subtracting the two correlations in and out of focus, yielding
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a typical 1/∆r decay that could be fitted using g = 3.0 ± 0.1. The spectral correlation in

Fig. 4(b) also exhibits long range behavior, which is characterized by a decay proportional

to ∆ν−0.52. In addition, a long-range spectral correlation was found in focus for the total

transmission (see Supplementary Section S5). These correlations confirm the general picture

of the statistical analysis, namely, that transport of light through nanowire mats is highly

correlated and characterized by only a small number of open transmission channels.

We emphasize that one cannot directly compare the low number of open modes to the

Thouless criterium for wave localization25, g = 1. The effective number of open modes g in

the expanding waveguide can be lower than 1; however, these are only the modes selected by

the illumination spot. Other modes are present outside this region which may still spectrally

overlap in the three-dimensional medium, even if they are not excited in our experiment.

Still, the results for focused illumination are significant as the enhanced mesoscopic interfer-

ence enables new quantifications of the proximity of the localization threshold. For example,

in the Supplementary Section S4 we have presented distributions for the same nanowire mat

after infiltration with a transparent epoxy. Immersion with a high refractive index epoxy

results in a lower scattering strength of the nanowire mat, leading to a reduction of the

crossing probability and a suppression of fluctuations to a value of gIF = 15 and gOF ≃ 950.

Conclusions

The high-density semiconductor nanowire mats in this study exhibit very strong inter-

ference contributions caused by mesoscopic transport. Statistical analysis of intensity fluc-

tuations shows that transport for focused illumination is governed by a minimum of around

3 open transmission modes, which is a record low value for light in a three-dimensional

medium. These effects are so strong that we observe a change in the distribution from

Gaussian towards a skewed distribution that is predicted in the theory but never previously

seen in a three-dimensional optical medium. These observations are backed up by the spec-

tral and spatial correlations of the transmitted light, which exhibit much stronger long-range

correlation than found in other three-dimensional photonic media. The presence of strongly

correlated transport shows that traditional light diffusion models are no longer valid when

describing photon transport and emission in strongly scattering nanowire mats, which is of

importance for a wide range of applications. Future studies are needed to investigate how

8



the collective scattering affects, for example, the emission of light in nanowire mats for appli-

cations in LEDs, or the absorption in light harvesting devices. Such studies may explore how

mesoscopic transport and long-range correlation can lead to new regimes of light trapping30.

Ultimately, the transition to Anderson localization could lead to the optical equivalent of

the metal to insulator transition in electronics. While significant further optimizations of

the semiconductor nanowire mats are required, we believe that this regime appears to be

within reach of future experiments.

I. METHODS

Fabrication of nanowire mats. Mats of gallium phosphide (GaP) nanowires were synthe-

sized using metal-organic vapour-phase epitaxy employing a multi-step approach developed

in Ref. 18. In this method, vapor-liquid-solid growth is altered with radial growth in order to

grow high-density arrays of nanowires of 100-150 nm diameter with volume fraction around

50%. By repeating this procedure several times, thick wire mats could be reproducibly

achieved over large areas with a high uniformity. The nanowires were pressed against a

glass coverslip of 170 µm thickness, where a colour change was observed indicating good

mechanical contact of the wires and the glass.

Optical experiments. For the characterization of transmission modes we use the statistical

approach developed by Genack and co-workers24. Light from a HeNe laser (632.8 nm wave-

length) was focused onto the nanowire slab through the GaP substrate by using a 0.9 N.A.

microscope objective with a working distance of 1.0 mm (Nikon CFI60 LU Plan BD). The

transmitted intensity at the exit plane was collected by a 1.3 N.A. oil-immersion objective

with cover-slip correction (Nikon CFI60 Plan Fluor) and imaged onto a 16-bit monochrome

CMOS camera (Allied Vision Technology). For each statistical average, between 2,000 and

20,000 different images were obtained by translating the sample in the focal plane using a

motorized stage. As the amount of coherence areas scales with the spot size, more images

were required for the in focus than for the out of focus statistics.

An important issue for real samples is to discriminate statistical fluctuations originating

from mesoscopic effects from those caused by local sample inhomogeneity. It was found that

sample variations had a much longer length scale (tens of µm) than the typical sub-µm range

of mesoscopic effects, and so these variations could be effectively divided out by a moving
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average of the total transmission. Fluctuations in the laser intensity amounted to no more

than ±2% and of long enough range to be removed by the moving average.

Each image was normalized to the ensemble averaged image in order to obtain the nor-

malized transmission coefficient sab = tab/ ⟨tab⟩. The brackets denote the ensemble average.

Only the center area of the spot corresponding to the half-maximum of the average spot

were included in the analysis of sab to minimize the effect of the background. An area out

to 13.5% of the average was analyzed for the total transmission, corresponding to a 1/e2

cut-off. Experimental contrast was included as a prefactor that affected the average image.

Spectral correlations were obtained using a external cavity stabilized tunable diode laser

(Thorlabs) with a center wavelength of 770 nm, linewidth not exceeding 130 KHz and a

tuning range of approximately 20 nm. The contrast was reduced to 0.8, mainly because of

the increased width of the point spread function at longer wavelength (diffraction limit),

while the spatial correlation width remained approximately constant.

Analysis. Statistical distributions were fitted to a mesoscopic model of light transport

by Nieuwenhuizen and Van Rossum27. The limited experimental contrast is included as as

a pre factor to the average intensity. The tail of the in focus distribution follows well the

exact limiting behavior, given by the stretched exponential P (sab) ∝ exp(−2
√
gsab). For the

expanding waveguide model, we followed the method by Scheffold et al.12 to define an effec-

tive conductance parameter g using an integral over infinitesimally short waveguide sections

of linearly expanding width in the vertical z direction, resulting in the final expression

1/g =

∫ L

0

dz 1/g(z) =
3L

k2w2ℓ
F
(w
L

)
, (1)

with

F
(w
L

)
=

∫ ∞

0

dx
(w
L

)2

exp

[
−
(w
L

)2 x2

32

]
x(sinh(x)/x− 1)

8(cosh(x)− 1)
, (2)

which corresponds to Eq. (32) of Pnini and Shapiro for a Gaussian illumination profile26.

The function F (x) has limiting behavior 2x/3 for x << 1 and 2/3 for x >> 1. Here w

corresponds to the initial width of the waveguide w ≃ w0 + 2.4ℓ, where w0 is the size of

the incident light and 2.4ℓ is the approximate diffuse broadening of the intensity. For the

theoretical estimate of var(sa) we made use of the expression var(sa) = 2/3g using the g

obtained from the fits of P (sab). The optical conductance fluctuations were obtained for the

same value of g using the result by Van Rossum et al. for a three dimensional medium28

var(s) =
9

2πk4w2ℓ2
. (3)
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The spatial and spectral intensity-intensity correlation functions were fitted using well-

known expressions in the diffusion approximation, see e.g.2. Traditionally, one distinguishes

in the correlation function different components C = C(1) + (1/g)C(2) + (1/g2)C(3). C(1)

defines the width of the speckle defined by interference outside the medium, while C(2)

and C(3) are corrections due to one and two crossings of light paths, respectively, inside the

medium2. Intuitively, one can understand these correlations from the fact that at a crossing,

information about the origin of the light paths is lost and waves appearing from different

directions propagate together without losing phase coherence. Dephasing only takes place

in the segments before the crossing and correlations become long-range2. For the long-range

spatial correlation we use form of the C(2)(∆r) ∝ L/∆r for ∆r > ℓ, interpolated to the

value of 4/3g for ∆r = 0.
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FIG. 1: Morphology and basic light transport parameters reveal strong multiple scat-

tering in nanowire mats. (a) Side-view scanning electron microscopy image of a cleaved section

of the 6 µm thick nanowire mat, showing the orientation of the nanowires before compression.

(b) Spectral dependence of total transmission of light through nanowire mats of three different

thicknesses L, along with (c) transport mean free path ℓ, diffusion constant D and energy velocity

vE for the nanowire mat obtained from broadband characterization methods19.
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FIG. 2: Enhanced spatial intensity fluctuations in the optical transmission through

nanowire mats are explained by a small number of open channels. (a) Schematic of

light transport through a nanowire mat. (b,c) Normalized transmission at same point on sample

in and out of focus respectively. (c,d) Histogram of intensity distribution P (sab) for 6-µm thick

nanowire mat and corresponding moment distribution. Grey points are in focus (IF), red points

out of focus (OF). Grey and red lines are fits using a mesoscopic model27, yielding gIF = 3.6± 0.1,

and gOF = 34 ± 1 respectively. Blue line is a fit using negative exponential Rayleigh-statistics

with a contrast of 0.96. Distributions are characterized by var(sIFab) = 1.204, var(sOF
ab ) = 0.937,

var(sRayleigh
ab ) = 0.921.(e) Calculated moments of the experimental distributions and their fits. (f)

Dependence of 1/g on vertical translation from focus, obtained from fits for the 6-µm thick sample

(grey dots) and for a 1.6 µm thick mat (red squares). Lines are fits using the expanding waveguide

model12.
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FIG. 3: Total transmission measurements show a significant deviation from Gaussian

statistics. (a) Total transmission as a function of position for the 6-µm sample, normalized to

a 10-µm moving average. Grey lines are for in focus, red lines for out of focus illumination. (b)

Histogram of the total transmission distribution P (sa). The distributions are characterized by

variances var(sIFa ) = 0.025 (grey line) and var(sOF
a ) = 4.2×10−4 (red line). Lines are Gaussian fits;

the peak of each fit is marked by a line of corresponding color. Dashed line indicates exponential

tail fit ∼ exp(−gsa) with g = 10.2± 0.4. (c) Variance of the P (sa) distribution versus beam width

(points), with theoretical calculations for var(sa)
26 and var(s)28 in the diffusion approximation.

Dashed line: [var(sa)]/N with N = 5.5 the experimental reduction of the variance.

FIG. 4: The mesoscopic regime is confirmed by observation of long-range spatial and

spectral correlations. Spatial correlation on a linear (a) and logarithmic (b) scale. Grey points

are in focus, red points are out of focus. Blue triangles: long-range contribution obtained by

subtracting in and out of focus data. Lines: fits using C(1)(∆r) and C(2)(∆r)2; dash indicates

extrapolation from 1/∆r for ∆r > ℓ toward 4/3g for ∆ = 0. (c) Spectral correlation obtained

using tunable diode laser around 770 nm wavelength, with (red line) fit using C(1)(∆ν).
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