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Abstract

The mid-infrared (mid-IR) anisotropic optical response of a material probes vibra-

tional fingerprints and absorption bands sensitive to order, structure, and direction-

dependent stimuli. Such anisotropic properties play a fundamental role in catalysis,

optoelectronic, photonic, polymer and biomedical research and applications. Infrared

dual-comb polarimetry (IR-DCP) is introduced as a powerful new spectroscopic

method for the analysis of complex dielectric functions and anisotropic samples in

the mid-IR range. IR-DCP enables novel hyperspectral and time-resolved applications

far beyond the technical possibilities of classical Fourier-transform IR approaches.

The method unravels structure–spectra relations at high spectral bandwidth up to

90 cm−1 and short integration times of 65 μs, with previously unattainable time resolu-

tions for spectral IR polarimetric measurements for potential studies of noncyclic and

irreversible processes. The polarimetric capabilities of IR-DCP are demonstrated by

investigating an anisotropic inhomogeneous freestanding nanofiber scaffold for neural

tissue applications. Polarization sensitive multi-angle dual-comb transmission ampli-

tude and absolute phase measurements (separately for ss-, pp-, ps-, and sp-polarized

light) allow the in-depth probing of the samples’ orientation-dependent vibrational

absorption properties.Mid-IR anisotropies can quickly be identified by cross-polarized

IR-DCP polarimetry.

Key points

∙ A novel dual-comb laser-based technique is established for polarization-dependent

mid-infrared spectroscopy.

∙ Independent measurements of spectral s- and p-polarized transmission amplitudes

and phases in the μs range.
∙ Visualization of the anisotropy of nanofiber scaffolds as used for neural tissue

applications.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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INTRODUCTION

The anisotropy of materials is associated, for example, with direction-

dependent optical, mechanical, physical, and chemical properties.1–7

Anisotropy plays a key role in optoelectronic, photonic, polymer,

catalytic and bio-related research, and applications. Specific exam-

ples are the design and engineering of optical devices,1–4 two-

dimensional (2D) materials,3 and touch-spun nanofibers for nerve

regeneration,7 the latter of which are studied in this work. For the

analysis of anisotropic material properties, infrared (IR) methods

are prominently used, as these probe material and structural prop-

erties in a contactless manner in various environments with high

sensitivity.

Driven by the tremendous application potential in scientific and

industrial applications, numerous IR spectroscopies were developed

in recent years. Classical IR spectroscopies are workhorses in many

labs. However, it is not possible to simultaneously measure the real

and imaginary part of complex transmissions or reflections. To satisfy

this demand, polarimetric or ellipsometric IR spectroscopic methods

have to be developed for the respective application fields. This chal-

lenge can be solved by introducing innovative measurement concepts,

implementing new radiation sources, and realizing novel hyperspectral

or imagingmeasurement schemes.

Recent rapidly developing IR spectroscopicmethods basedonquan-

tum cascade lasers (QCLs) are heralding a new era in IR spectroscopic

analytics with a plethora of new applications far beyond the possibil-

ities of Fourier-transform IR (FTIR) spectroscopy.8–17 These methods

nowadays offer high spectral resolutions in laboratory and field appli-

cations while providing high optical throughput, sub-millimeter spot

sizes, and sub-second temporal resolution for sensing applications,

time-resolved studies, as well as hyperspectral imaging. Of particular

interest for structural and chemical analyses of interfaces, aggregates,

thin films, and structured materials are polarization-dependent QCL-

basedmethods, such asAFM-IR,18,19 IRnanoscopy,20 antenna-assisted

IR nano-spectroscopy,21 IR microscopy,22,23 polarimetric IR-ATR,24

vibrational circular dichroism,25 far-field optical photothermal IR,26

and IR spectroscopic ellipsometry/polarimetry.10,11,27–29

In 2016/2017, the dual-comb spectroscopic technique30 was com-

binedwithpolarization-dependentmeasurements.31,32 So-called spec-

troscopic dual-comb ellipsometry32 in the near-IR spectral range of

1514–1595 nm became available. The authors32 already anticipated a

transfer of the method to the mid-IR and far-IR region, which would

enable future applications for studies of materials with IR active

transitions. In this work, we fulfill these expectations and introduce

QCL-based IRdual-combpolarimetry (IR-DCP) as anovel technique for

temporally (sub-millisecond) and spectrally (1.4 cm−1) highly resolved

investigations of anisotropic sample properties in the mid-IR spectral

range.

Polarimetric methods

Figure 1 shows schematic designs of IR-DCP (a) and classical FTIR

polarimetry (b). Bothmethods aim to probe the spectral function of the

polarization-dependent complex transmission (reflection) coefficients,

in general defined as txy = |txy| ⋅ exp(iΔxy)33,34 [y-polarized light in, x-

polarized light out, Δ is the phase], are sensitive to the transmission

Txy = |txy|2. Classical FTIR polarimetry can acquire relative phases for

two sets of polarization configurations, such as Δxx − Δyy. For the pre-
sented experiments, light polarized at 0◦ and 90◦ is considered for the

beam before and after the sample. To avoid confusion with the sample

azimuthal settings in degrees (0◦ = horizontal orientation; 90◦ = ver-

tical orientation), we use the following notation for polarizer/analyzer

settings: (i) ss for parallel polarizers in horizontal direction, (ii) pp for

parallel polarizers in vertical direction, (iii) sp andps for crossedpolariz-

ers. For FTIR polarimetric studies ofmaterialswith cosΔ≈1 (Δ close to
0orπ), a retarder is requiredas anadditional optical element to achieve

sufficiently high accuracy. In contrast, IR-DCP can directly measure

absolute phases Δxy.
The dual-comb system (IRis-F1, IRsweep AG, Switzerland,

schematic in Figure 1a) comprises two QCL frequency combs (FC

1 and FC 2). FC 1 probes the sample, whereas FC 2 works as the

local oscillator. For this experiment, polarizers (P1, P2, P3, BaF2,

part number GS57502, Specac, England, extinction ratio of 400:1 @

1000 cm−1) and beamsplitters (ZnSe, part number BSW710, Thorlabs)

are used for controlling incident and output power and polarization

states, as well as beam propagation and recombination. P1 regulates

the incident power (typically about 0.75 mW at the sample), P2 sets

the incident polarization, and P3 acts as an analyzer. Further polarizers

(not shown) control the power incident on the reference detector

and ensure polarization matching of local oscillator beam and sample

beam. The sample was placed between P2 and P3 on a rotational

mount. The beam diameter at the sample position was about 3 mm

(FWHM, Gauss).

The operating principles of dual-comb spectroscopy have been

described previously.35–37 Briefly, FC 1 and FC 2 deliver frequency

combs with interline spacings (frep,1 and frep,2) of about 10 GHz and

optical coverage of up to 90 cm−1 (typically 60–80 cm−1).38 When

FC 1 and FC 2 are overlaid on a high-bandwidth mercury–cadmium–

telluride (MCT) detector, a heterodyne beating corresponding to

Δfrep = frep,1 − frep,2 ≈ 2 MHz can be recorded in the time-domain.

Conducting a Fourier transform on this signal allows for the individual
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F IGURE 1 Schematic setups of (a) IR dual-comb polarimetry (IR-DCP) and (b) Fourier-transform IR (FTIR) polarimetry. Themeasurement
principle is outlined on the right side. Typical measurement parameters are parallel-polarized (ss, pp) and cross-polarized (sp, ps) transmissions Txy
(reflections Rxy) and absolute phases Δxy or relative phases Δ in dependence of the azimuthal angle (αi). See text for further methodical details.

frequency contributions to be resolved. The reference detector is used

to correct for amplitude and frequency noise of the free-runningQCLs.

For a given polarizer configuration, measuring the difference between

a setup without (background measurement) and one with a sample

(sample measurement) gives the complex transmission txy, the angle

of which yields the absolute phase. The theoretical time resolution is

1/Δfrep37,39; however, for data-handling and signal-to-noise reasons,

the spectrometer is typically operated at a time resolution of 4 μs.37,39

In the present study, the integration time was 65 μs. A transmission

geometry at 0◦ incidence angle was used. Note that, for non-

depolarizing samples, the ss-, pp-, sp-, and ps-polarized measurements

are directly related to the Jones matrix and specific combinations of

the respective Mueller-matrix elements,40 which enables the analysis

of complex dielectric functions (real and imaginary part).41

The FTIR polarimeter (Figure 1b) is coupled to an FTIR IFS 55

spectrometer (BRUKER, Germany) serving as a radiation source. A

Jacquinot aperture (A) of 1.85 mm results in a spot size on the sam-

ple of about 4.5 mm (FWHM). The sample was placed on a rotational

mount. Polarizers (KRS5, Specac, England; extinction ratio of 148:1 @

1000 cm−1) P1 and P2 act as polarizer and analyzer, respectively. A

liquid-nitrogen-cooled photovoltaic MCT detector (Kolmar Technolo-

gies, Newburyport, MA, USA) was used. A retarding element (R) was

additionally inserted for sensitive phase measurements. The opening

angle was about ±3.5◦. Measured experimental quantities are the rel-

ative phaseΔ=Δpp −Δss and the polarization-dependent transmission

Tpp = |tpp|2 andTss = |tss|2 at 0◦ incidence angle. |tpp| and |tss| represent

the amplitudes of the respective pp- and ss-polarized complex trans-

mission coefficients (for incidence angles larger than 0◦, p is parallel,

and s is perpendicular to the optical incidence plane), andΔ is the phase
shift between them. Further details are found in Refs. [33, 41] for the

ellipsometric method and in Ref. [33] for the employed setup.

MATERIALS

A nanofiber scaffold was prepared via the touch-spinning method in

a freestanding manner on a wire collector from 8% polycaprolactone

(PCL, Mn = 80,000 g/mol, Sigma-Aldrich) in chloroform (ACS grade,

VWR Chemicals BDH). Details on touch-spinning can be found in Ref.

[7]. The fibers were exposed to a 0.1% bovine serum albumin solution.

Anisotropic nanofiber scaffold

Figure 2 shows polarization-dependent transmission and phase spec-

tra of the nanofiber sample for 0◦ and 90◦ azimuthal rotation. The

observed band at about 1240 cm−1 is assigned to the asymmetric

C–O–C stretching vibration (according to Ref. [42]) of the PCL chain.

The onset of a second vibrational band at about 1293 cm−1 is observed

at the edge of the investigated spectral range.Qualitative agreement in

band position, amplitude, and shape is found for the band at 1240 cm−1

between the corresponding sets of polarized transmission IR-DCP and

FTIR polarimetric spectra. For the onset of a band around 1293 cm−1,

good qualitative agreement is found for most of the polarized
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4 of 8 MID-INFRAREDDUAL-COMBPOLARIMETRYOFANISOTROPIC SAMPLES

F IGURE 2 (a) Tpp and Tss from infrared dual-comb polarimetry (IR-DCP) and Fourier-transform IR (FTIR) polarimetry at 0◦ (top) and 90◦

(bottom) azimuthal sample rotation. (b) Corresponding polarized relative phase spectra from IR-DCP and FTIR polarimetry

transmission spectra and both types of phase spectra. Somewhat

stronger differences are observed around 1293 cm−1 for the pp-

polarized spectra at 90◦ azimuth because of a higher noise level

toward the edge of themeasurement window.

A strong anisotropy is identified in the range of the C–O–C vibra-

tional band. This anisotropy originates from the direction-dependent

vibrational absorption due to the predominant alignment of polymer

chains within single fibers, but also due to the overall close-to-

parallel orientation of the individual fibers.43,44 Qualitative agreement

is observed between the relative phase spectra obtained from IR-DCP

and FTIR polarimetry (Figure 2b).

Differences in the band amplitudes in the transmission and phase

spectra of IR-DCP and FTIR are larger at 0◦ compared to 90◦ azimuthal

angle. Such differences could be related to the inhomogeneity of the

fiber scaffold and the different sizes and opening angles of the probe

beam in IR-DCP and FTIR. However, band positions and shapes agree

well for both methods. Indeed, the relative phase spectra exhibit the

expected Kramers–Kronig consistent line shape, thus demonstrating

the validity of themethod.

The recorded IR-DCP and FTIR polarimetric relative phases show

a constant offset of approximately 13◦. Its likely origin is the adjust-

ment of incident power via P1 between theΔpp andΔss measurements

necessitated by a change in the input polarization. For futuremeasure-

ments, an invariant P1 is recommended, for example, by setting P1 to

45◦ and controlling the power through neutral density filters.

Figure 3a shows images of ss- and sp-polarized transmission and

absolute phase spectra versus sample azimuth in 10◦ steps. Maximum

band intensities in the Tss images (corresponding to a minimum in Tss)

are observed around 90◦ azimuth, whereas maximum band intensities

inTsp (corresponding to amaximumofTsp) are seen at 45◦ azimuth. The

average orientation of transition dipole moments of the related C–O–

C vibrational band is therefore aligned predominantly in the direction

of the fibers, in agreement with the overall predominant alignment of

the fibers in the scaffold. Note that the baseline in regions of weak

anisotropy beside the bands can be significantly modified by polarizer

leakage in cross-polarized spectra.45

The parallel-polarized Tss andΔss images capture all vibrational con-

tributions along the ss polarization axis and therefore also include

isotropic contributions. In contrast, the cross-polarized Tsp and Δsp

images are only sensitive to signals from anisotropic contribu-

tions, qualifying them for the direct inspection of anisotropies. The

anisotropic absorption behavior of the nanofibers is directly identi-

fied in the cross-polarized images, which show band maxima at 45◦

azimuthal angle, in agreement with maximum in-plane p–s anisotropy

for aligned nanofibers. The parallel-polarized Δss phase image shows

azimuthally rather homogeneous areas beside the vibrational band

contributions. In such transparent regions, Δss could potentially be

used as a measure of optical thickness (the product of refractive index

and thickness).46

Figure 3b shows the azimuthal variation of the C–O–C band heights

in the ss- and pp-polarized phase spectra as well as their differ-

ence. Classical FTIR polarimetry cannot measure absolute phases, but

only relative ones. In contrast, IR-DCP can separate the information

encoded in the polarization-dependent absolute phases.
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NATURAL SCIENCES 5 of 8

F IGURE 3 (a) Images of azimuthal ss- and sp-polarized infrared dual-comb polarimetry (IR-DCP) transmission and absolute phase spectra. Tsp
exhibits a baseline value of 1 in the absence of anisotropy (e.g., for azimuthal sample rotations of 0◦ and 90◦) due to the spectral normalization to a
measurement without a sample. (b) Azimuthal variation of the C–O–C band height in the absolute ss- and pp-polarized phases as well as their
difference

In summary, the spectral polarimetric amplitudes and phases simul-

taneously provide complementary information on sample structure

and optical thickness. Moreover, IR-DCP acquires absolute phase data

for arbitrary polarization configurations, allowing, for instance, the

direct measurement of Δsp without the need for rotating optical ele-

ments such as polarizers. Fast sample imaging applications of parallel-

and cross-polarized band amplitude and phase properties thus become

available in themid-IR spectral range.

Time characteristics

Figure 4a shows a time sequence of transmission and absolute phase

spectra for the fiber scaffold obtained at a specific and constant

polarimetric measurement setting (pp configuration at 45◦ sample

azimuth).

These time-dependent images prove the high stability and robust-

ness of the method in the shown time range for both transmission and

absolute phase measurements. The integration time of a single spec-

trum (see Figure 4b) is 65μs, plus a shot-to-shot delay of approximately

210 μs, giving a non-stroboscopic time resolution of approximately

275 μs. The time resolution can be pushed to as low as 1 μs with a

zero shot-to-shot delay, with a trade-off of limiting the maximummea-

surement duration to 256 ms. The noise of the DC spectrometer in

the second to sub-second time regime scales with the inverse of the

square root of integration time47; the signal-to-noise can therefore

be improved by averaging multiple spectra. With its high time resolu-

tion for spectral monitoring in broad time windows from the min to

μs range (with the potential of sub-microsecond time resolution47), IR-

DCP is currently a few orders of magnitude faster than reported for

QCL-based IR laser polarimetry (≈ 100 ms/100 cm−1).29 The phase

spectra show a weak overlaying interference. Its periodicity indicates

a correlation with interferences of the 2 mm thick BaF2 polarizers,

possibly due to the slightly different optical paths in the sample and

backgroundmeasurement and small differences of the used polarizers

and beamsplitters (e.g., weak heterogeneity or unevenness).

CONCLUSION AND OUTLOOK

IR-DCP was introduced as a new polarimetric technique for studies of

anisotropic samples in the mid-IR spectral range. IR-DCP enables mid-

IR polarimetric measurements of amplitudes and absolute phases at

high spectral resolution (1.4 cm−1). Themethod was applied to charac-

terize a nanofiber scaffold with strong in-plane anisotropy. Azimuthal

images of parallel- and cross-polarized dual-comb spectrawere proven

to be applicable for the direct inspection of anisotropic vibrational

properties. Having with a single polarizer configuration access to both

amplitudes and absolute phases offers new imaging prospects for

cross-polarized sample properties.

Furthermore, IR-DCP provides sub-millisecondmeasurement times

of 275 μs or less (potentially even sub-microsecond), limited by the

repetition rate differencebetweenFC1andFC2.47 The accessible inte-

gration times for noncyclic processes are far below those achievable
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6 of 8 MID-INFRAREDDUAL-COMBPOLARIMETRYOFANISOTROPIC SAMPLES

F IGURE 4 (a) Images of time-dependent Tpp and Δpp infrared dual-comb polarimetry (IR-DCP) spectra of the fiber scaffold at 45◦ azimuth. (b)
The first single transmission and absolute phase spectrumwith 65 μs integration time (tint). The spectral resolution is 1.4 cm−1.

with conventional FTIR techniques, thus enabling future applications

regarding sub-millisecond resolved spectral investigations of irre-

versible or noncyclic variations of structural sample properties. The

superior time resolutionof IR-DCPcomparedwithother IRapproaches

renders the method potentially interesting for many applications in

photonics such as process control in the fabrication of waveguides

and functionalmetasurfaces. In general, thenovel time-resolvedpolari-

metric possibilities could have a high potential scientific impact for

previously unfeasible in situ and operando studies of irreversible or

noncyclic processes or sample modifications. Further future appli-

cations of IR-DCP will also become available in other polarimetric

measurement geometries.

In summary, the developed IR-DCP method has high potential for

chemical and structural studies, for example, of anisotropic samples,

growth processes, protein dynamics, phase transitions, chemical modi-

fications, and reactions,which is relevant formaterial science, catalysis,

biophysics, photonics, rheology, andmetrology.
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