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Abstract: Alkali halide single crystals are most commonly used as the diluent matrix in the tablet
method or disk technique for spectroscopic measurements. However, stress-induced birefringence
(SIB) of alkali halides as well as intrinsic birefringence manifest during the disk formation process.
Thus, the true chiroptical measurement is disturbed by optical anisotropies (OA) containing SIB and
intrinsic birefringence, except in the case of optical homogeneity. SIB is generally larger than intrinsic
birefringence and has a value of several thousand millidegrees in the ultraviolet-visible wavelength
range, although this varies with disk type. Here, to investigate the SIB origin, alkali halide crystals
were examined using polarized light, X-ray diffraction, Fourier-transform infrared, and electron
backscattering diffraction spectroscopic measurements. It was found that, after stress release, the SIB
exhibited nonlinear long-time relaxation, which roughly converged within several hours, with the
only time-invariant intrinsic birefringence remaining being due to OA. This behavior was strongly
related to an increase in the quasi-amorphous domain and the generation of an air gap between the
crystallite boundaries and their pellets. Further, a straightforward correlation was found between
amorphization and an increase in the disk water content caused by deliquescence. Thus, the OA of
alkali halide single crystals was found to have two different origins yielding intrinsic birefringence
and SIB.
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1. Introduction

Solid-state chiroptical spectroscopy has begun to attract considerable attention as a new analytical
tool for many research fields involving solid-state chirality. Absorption, emission, diffuse reflection,
and scattering techniques, which are based on circular dichroism (CD) (electronic (ECD) [1] and
vibrational (VCD) [2]), circularly polarized luminescence [3], diffuse reflectance CD [4], and Raman
optical activity (ROA) [5,6], respectively, can be used with solid-state samples with care.

The tablet or matrix-disk method is one of the most popular sample preparation techniques
for a wide range of spectroscopic measurements for solid samples, except in cases to which the
single-crystal method is applicable. The representative diluent matrix for the tablet method or disk
technique is a cubic alkali halide, e.g., KBr, KCl, or KI. These cubic alkali halides are transparent in
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the ultraviolet-visible (UV-Vis) to infrared wavelength ranges (ca. 0.2–20 µm). However, there is a
tacit understanding that stress-induced birefringence (SIB) of alkali halides occurs during the disk
formation process, the nonlinear long-term relaxation of which is empirically known. The optical
anisotropy (OA) consists of both intrinsic birefringence belonging to a symmetry break related to
the wave vector q-dependence of the dielectric constant [7–10] and an extrinsic one (SIB) induced by
the pressure in the disk formation. SIB is large enough compared to the intrinsic birefringence. The
OA associated with the SIB generally has values exceeding 2000 mdeg/mm (1 mdeg = 3.05 × 10−5

optical density (OD)) in the UV-Vis region, corresponding to the electronic transitions of most organic
compounds, and is not negligibly small for a relatively weak chiral signal (~20 mdeg). Thus, careful
polarization analysis is indispensable for true chiroptical measurements of chiral samples dispersed
in an optically anisotropic matrix. Such measurements are performed using modern chiroptical
spectrophotometers such as ECD and circularly polarized luminescence spectrophotometers. These
devices are based on polarization-modulation techniques, because it is necessary to couple non-ideal
optics and electronics with strong OA, i.e., with nonchiral signals related to linearly polarized
phenomena [1,11]. However, thus far, no detailed analysis of OA has been conducted, and no method
for minimizing this phenomenon has been reported.

In this paper, we thoroughly investigate the (intrinsic + extrinsic) OA mechanism inducing
nonlinear SIB relaxation in the alkali halide disks used in matrix-disk methods, and we present an
essential matrix-disk method for analyzing chiral signals for cases in which a dedicated solid-state
chiroptical instrument is unavailable. The potential influence of artifact signals, originating from
the coupling of instruments with non-ideal optical properties, on the true chirality signal should
be investigated. When the OA after the relaxation of SIB is negligibly small compared with the
net chirality signal, an artifact-free chiral signal can be obtained in the polarization-modulation
spectroscopic measurements.

2. Experimental

KBr, Cl−, and I− single crystals were purchased from JASCO Co., Ltd. (Tokyo, Japan),
Wako Chemical Co., Ltd. (Tokyo, Japan), and Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan),
respectively. Crystals of dry KBr, KCl, and KI (130 mg) were finely ground and the powder was
compressed at 14–70 MPa/cm2 in vacuum for 15 min to prepare a transparent disk with a diameter of
1 cm and a thickness of 0.7 mm. A KBr single crystal (space group: Fm-3m), which was cleaved using
a surgical blade to make plates of 0.6, 0.8, and 0.9 mm thickness perpendicular to the (100) face, was
hydrostatically compressed at 100 MPa/cm2 in a hexane solution using a high-pressure cell. The Miller
indices of the KBr cleaved faces were investigated using an X-ray diffractometer (Bruker APEX CCD
(Madison, WI, USA)). We used a comprehensive chiroptical spectrophotometer (CCS: J-700CPL (JASCO,
Tokyo, Japan)), which can measure all polarization phenomena, i.e., CD, circular birefringence (CB),
linear dichroism (LD), linear birefringence (LB), and circularly polarized luminescence (CPL) [11].
The details of the CCS have been described previously [11]. The KBr disk or KBr single crystal, held by
a specially designed sample rotation holder, was placed normal to a light beam. LB measurements
were performed by a CCS equipped with a Glan-Taylor prism (optical axis at 45◦ with respect to the
y-axis) placed in front of the sample (Supplementary Materials). The wavelength-scan LB spectrum
was recorded over a wavelength range of 700–230 nm with ‘’standard” sensitivity at 100 nm/min,
with a 1-nm resolution and a time constant of 1 s. The rotational LB spectra were obtained through
computer-controlled rotation of the sample by 360◦ in the (X-Y) plane at a speed of 2.5◦/s, at 300 nm,
for disks and single crystals. The Stokes-Mueller matrix method was used for the data analysis.
This process was repeated for KCl and KI disks and single crystals.

Powder X-ray diffraction (XRD) measurements were performed with a Rigaku RINT-Ultima
III diffractometer (Tokyo, Japan) at a scanning rate of 0.25◦/min in the 2θ range from 10◦–80◦

using graphite-monochromated Cu-Kα radiation (λ = 0.154059 nm). Field emission scanning
electron microscopy (FE-SEM) images were taken using an electron microscope (JEOL JSM-7100F
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FE-SEM (Tokyo, Japan)). Specimen microstructures were characterized using a JEOL JSM-7100F
FE-SEM equipped with an electron backscattering diffraction (EBSD) detector (HKLNordlys, Oxford
Instruments, Oxon, UK). The EBSD data were acquired using Flamenco software, included in the
Channel 5 software or the AZtec software, both from Oxford Instruments (Oxon, UK). The SEM
and EBSD settings were selected to achieve the optimal spatial resolution and signal strengths for
measurements of heavily deformed microstructures. To eliminate electron charging samples with poor
electrical conductivity, those samples were coated with a thin conductive film before being placed
in a high-vacuum SEM chamber (high vacuum: ~10−5 Pa). The disks were prepared using optimal
carbon coat thicknesses, i.e., 3–5 nm, which are generally used for EBSD [12]. The KBr disks were
characterized based on their grain size, orientation, and misorientation by an EBSD system attached to
the FE-SEM. Fourier-transform infrared (FT-IR) spectroscopy was performed using an FT/IR-470Plus
(JASCO, Tokyo, Japan) at a relative humidity range of 20–50%.

3. Results

Ten disks with identical thicknesses (0.7 mm) for a KBr, KCl, or KI matrix were studied. Figure 1A
shows a representative (typical) LB rotational measurement result for a 50-kHz signal at 300 nm, which
was obtained by rotating a KBr disk mounted on the sample rotation holder. Note that a 50-kHz signal
obtained with a polarizer can generally be regarded as an LB signal, because the single-order term, LB,
is much larger than the second-order term, LD, as shown in Equation (S14) (Supplementary Materials).
As expected, when a light beam was incident on the freshly prepared KBr disk, being exactly normal
to the wide face, a strong LB signal with sin2θ periodicity appeared in the LB rotational measurements
(Figure 1A). This result is evidence that the KBr disk has extrinsic or intrinsic OA. In contrast, when
the light beam was incident on a KBr crystal pressed at 100 MPa/cm2 in a hexane solution, exactly
normal to the (100) face, a weak LB signal was detected in the LB rotational measurements. The shape
was a trigonometric function (data not shown). Thus, it is clear that cubic KBr single crystals exhibit
intrinsic birefringence even though these crystals constitute an isometric system. The birefringence of
KBr disks has stronger angular dependence than that of single crystals, which is in agreement with
experimental results that cubic single crystals possess intrinsic birefringence even though they belong
to an isometric system [10].

Figure 1. (A) Linear birefringence (LB) rotational measurement of KBr disk at 300 nm; (B) Recovery
process of stress-induced LB values (@ 300 nm) of KBr disk (circle) and single crystal (x) at plus LBmax

positions; LB values normalized with respect to sample thickness.

Time-course LB signals (@ 300 nm) for both the KBr disks and single crystals were measured at the
LB maximum position, LBmax, obtained via the LB rotational measurements (Figure 1B). Nonlinear OA
relaxations were only observed for the KBr disks, having relaxation times of several hours, although
the LB intensities of the disks were uneven. Thus, the results suggest that the LB signals contain
extrinsic OA signals; this is explained in the discussion section below. Further, the decay curve does
not pass through zero, which may be due to the intrinsic OA. Note that the measured LB values
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and averaged intrinsic OA values of the crystallites in the disk do not necessarily correspond to the
single-crystal values.

The relationship between the LB intensities and pressure on the disk was quantitatively analyzed.
Figure S2 presents plots of the LBmax values for selected disks (300–2500 mdeg) as functions of
pressure (14–70 MPa/cm2). No relationship between pressure and LBmax was identified. To achieve
a spectroscopically measurable transparent disk, a pressure of more than 55 MPa/cm2 is required.
Therefore, in all experiments, the pressure for disk formation was set to 70 MPa/cm2.

We further conducted LB measurements for single crystals and disks of cubic KCl and KI crystals
(space group: Fm-3m) using the CCS. These measurements were identical to those performed for the
KBr specimens described above. As expected, these single crystals also exhibited intrinsic birefringence
similar to the KBr single crystal. A nonlinear OA relaxation that converged within several hours was
observed, in agreement with the results for the KBr disks. Note that the convergence time of the
nonlinear OA relaxation is inversely proportional to humidity, and accelerates in the order of KI, KCl,
KBr. The thermal variation of the refractive index was also investigated. The change in temperature,
∆T, for alkali halides in the process of disk formation and time-course measurements was found to be
very small, at ∆T <≈ 2 ◦C. We found the value of the refractive index for KBr to be 1.556 ± 0.001 in this
range. These results indicate that the observed OA (=LB) was the summation of the SIB originating
from the external influence of distortion and the intrinsic LB. Further, immediately after stress release,
the SIB of the alkali halides exhibited a nonlinear long-time relaxation, which roughly converged
within several hours. Only intrinsic birefringence remained as the OA.

Figure 2 shows the time-dependent variations in the XRD patterns of the alkali halide KBr disk at
several representative diffraction peaks, i.e., (111), (200), (220), (222), (400), and (440), under exposure
to air. This behavior was monitored in 40-min intervals from the initial state (0 min), which occurred
immediately after pressure release. For all diffraction peaks, small changes in these intensities and
the full width at half maximum (FWHM) were observed with time. The FWHM was dependent
on the particle size (coherent scattering regions) and strain induced in the individual crystal lattice.
The FWHMs gradually became ~10–20% narrower than those of the initial state, and diffraction
peak shifts from the initial values to higher diffraction angles were concomitantly observed. Thus,
these results indicate that the disk formation processes alter the cubic crystal lattice to another form.
Immediately after pressure release, however, the interatomic distance begins to gradually shorten,
ultimately returning to the original cubic distance. The correlation of the intensity changes with the
long-term relaxation of the SIB was also obtained. It was found that, when the intensities of the (111)
and (222) diffraction peaks decrease, those for the (200) and (400) peaks increase in contrast, and vice
versa. Thus, a crystallite reorientation within the disk structure occurs, which may be attributed to
the quasi-amorphous transformation in the crystallite boundaries, as shown below. Thus, the XRD
analysis supports the hypothesis that the observed nonlinear relaxation of the SIB originates from the
extrinsic OA.

To investigate the local strain in the crystallite, we conducted FE-SEM and EBSD measurements.
From the FE-SEM observations, the grain size was estimated to range from several micrometers
to 20 µm, with an average value of 10 µm. EBSD allows measurement of crystal orientations on
the specimen surface with a spatial resolution of nanoscale order [13]. The magnitude of the local
strain can be estimated from the change in crystal orientation (misorientation) and the misorientation
distributions obtained from the EBSD analysis. Figure 3 shows the time-course local misorientations of
crystalline KBr in two disks preserved under atmosphere (open-air storage, Figure 3a–d) and vacuum
conditions (~10−5 Pa, Figure 3e–g), respectively. Here, the initial stage, 0 min, is defined as occurring
immediately after KBr disk formation. The colors indicate the misorientation in the range of 0◦ to 5◦,
shown in Figure 3 as progressing from blue to red with increasing value. The distribution of the strain
in the crystallite was identified using the image correlation technique [14].
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Figure 2. Time-dependent variations in X-ray diffraction (XRD) patterns of alkali halide KBr disk and
KBr microcrystalline powder (dotted lines), with several peaks, i.e., (111), (200), (220), (222), (400), and
(440), under exposure to air (40-min intervals). XRD patterns (0, 80, and 180 min) selected from interval
data are indicated.

Figure 3. Time-course local misorientation of crystalline KBr in disk measured by electron backscattering
diffraction (EBSD) for open-air storage: (a) 20 min; (b) 50 min; (c) 120 min; (d) 13 h; and for vacuum
storage: (e) 30 min; (f) 80 min; (g) 180 min. Optical microscope images of a KBr disk for the open-air
storage case: (h) 0 min; (i) 180 min. The EBSD measurements were conducted in a high-vacuum
SEM chamber.

The obtained misorientation maps show that the misorientation was distributed evenly over the
entire crystallite. For the open-air storage case (Figure 3a–d), it is apparent that the induced local strain
in the crystallite gradually released with time from the initial stage to 120 min, before finally evanescing
(13 h). Concomitantly, in the crystallite boundaries, the pseudo-amorphous domains (shown in black)
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inversely increased with time. This transformation from a cubic crystal lattice to a pseudo-amorphous
phase may have occurred because of the implanted water molecules on the grain boundary. Thus,
enlargement of the pseudo-amorphous region may be strongly associated with dissolution of the local
strain in the crystallite. Note that the misorientation dissolution rate was slower than the average
LB relaxation time, because a carbon-coated disk was used in the EBSD measurement. On the other
hand, for the vacuum storage case, the misorientation exhibited almost no changes until 180 min.
These results obviously indicate that there is a difference between the local misorientation behaviors
for open-air and vacuum storage. It is speculated that the strain relaxation is directly influenced by
the first effect, e.g., pseudo-amorphous transformation related to the water molecules in the open
system, and the secondary effect, e.g., generation of the air layer between the crystallite boundaries.
Under both conditions, the transformation from transparent to opaque occurs because of the change in
the refractive index, which is caused by the pseudo-amorphous transformation and/or generation
of an air layer at the crystallite boundaries. Thus, the refractive index, namor, of the solid amorphous
phase has a small value compared with the corresponding crystalline phase, because the density of
the former is lower than that of the latter [15]. In other words, the reflection occurs at an interface of
different refractive indices, as indicated by the following observation.

Under optical microscope observation, each crystallite in the final state could be clearly discriminated
(Figure 3i); however, discrimination was not possible for specimens in the initial state, as shown in
Figure 3h. These findings are also consistent with the decrease in reflectance independently measured
by a UV-Vis spectrophotometer (V-770 equipped with an ARMN-920 attachment) (Figure S3). It is
speculated that amorphization and air-gap generation induce the change in the refractive index at the
crystallite boundaries, resulting in the deterioration of the spectral transmittance and the long-term
relaxation of the SIB introduced by the disk formation and consequently connected to the local strain
dissolution in each crystallite. In this work, we found a good correlation between the long-time
relaxation of the SIB and the increase in the number of water molecules on the disk, as shown below.

Transmission FT-IR spectroscopy was used to investigate the adsorption of water on the alkali
halide surfaces, for both single-crystal and particle surfaces. The water uptake on the alkali halide
disk as a function of time at room temperature was studied. Figure 4 shows the time-course changes
in the absorption FT-IR spectra for water adsorption on the KBr disk. The spectra indicate two
broad absorptions of approximately equal intensity with frequencies of νOH (3400 cm−1) and δOH
(1600 cm−1), corresponding to OH stretching vibrations and OH bending modes, respectively [16,17].
Immediately after disk formation, the amplitudes of the fundamental 3400 cm−1 νOH stretching
band and 1600-cm−1 δOH band gradually increased with time, indicating water adsorption on the
KBr matrix. The IR absorption intensities related to the water molecules were determined after
baseline subtraction based on the peak heights for the 3400 cm−1 νOH stretching band. For liquid-like
molecular water with a broad band at 3400 cm−1, a molar absorption coefficient ε [18] of liquid
water (8.1 Lmol−1mm−1) is generally used for the quantitative calculation of the water content of
minerals [19,20]. If this value is employed for the 3400 cm−1 band of KBr, we find that the water
content c is ~10−2 mol H2O/L [21]. Considering the density of KBr (2.75 g cm−3), this corresponds
to a water fraction change from approximately 1.6 × 10−2 (180 min) to 0.58 × 10−2 wt % (0 min), i.e.,
from 157 to 58 ppm. For KCl and KI, the water fraction changed from 131 (180 min) to 63 (0 min)
ppm and from 334 (180 min) to 58 (0 min) ppm, respectively. As shown in Figure 5, the decay profile
for transmission at the νOH band plotted as a function of time is well correlated with the long-time
relaxation of SIB (Figure 1b). However, no facet selectivity of water molecules adsorbed on the KBr
surface was observed, as indicated by the lack of angular dependence of the XRD patterns (Figure 2).

These findings indicate that the deliquescence is strongly related to the quasi-amorphous
transformation from the solid crystalline phase, because the increase in amorphous domains at
the grain boundaries and the long-term relaxation of the SIB are connected to increases in the peak
intensities at 3400 cm−1 and 1600 cm−1, respectively. Based on these results, it is speculated that the
quasi-amorphous transformation in the crystallite boundaries influences the distortion elimination in
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the crystallite, inducing the long-time relaxation of the SIB. To investigate the efflorescence process,
alkali halide disks containing water molecules were kept in an oven heated to 200 ◦C and annealed
for 2 h; then, they were gradually cooled to room temperature. Once imbedded in the disk, the water
molecules were only minimally removed by the oven treatment. Repeated hydration/dehydration
cycling was not exhibited, even for a prolonged heating time; i.e., no efflorescence was observed. In the
initial state immediately after disk formation, KBr disks comprised of micron- and submicron-size
solid crystalline phase were present in solid-phase form. Under atmosphere, hydration gradually
progressed and the solid crystalline phase changed to an amorphous form. These observations
indicate that, after the micron- and submicron-size alkali halide particles were deliquesced in
this study, the retransformation of the solid crystalline phase from the amorphous solid phase
induced by hydration did not occur during the heat treatment. The specimens typically remained in
pseudo-amorphous form even under dry conditions [22].

Figure 4. Time-course variations of absorption FT-IR spectra for water adsorption on a KBr disk (15-min
intervals). The arrows indicate the direction of the spectral intensity evolution with time.

Figure 5. Recovery process of stress-induced LB values (@ 300 nm) of a KBr disk at plus LBmax positions,
transmission at νOH stretching (3400 cm−1), and δOH bending mode bands (1600 cm−1), all plotted as
functions of time to indicate the adsorption events of the water molecules on the disk. %Tt and %T0

are FT-IR transmittance at the intermediate and initial stages at the relaxation process, respectively.
The data points indicate the mean values (n = 10) with standard deviation bars.

4. Conclusions

We proved experimentally that disks made from cubic crystals of point group Oh, such as KBr
and KCl, have extrinsic OA. To investigate the origin of SIB in these materials, the crystallite strain
and deliquescence were investigated using polarized light, XRD, FT-IR, and EBSD spectroscopic
measurements. The long-time relaxation of the SIB induced by disk formation was observed for the
alkali halide disks, but not for single crystals. Thus, it was experimentally proven that the SIB is
induced by the pressure employed for disk formation, which is directly related to the strain in the
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crystallite and its deliquescence [23]. The diffraction peaks shifted to higher angles after disk formation,
but gradually returned to the original cubic angles with time. In the initial state immediately after disk
formation, SIB in each crystallite and grain boundaries in each disk were observed. The SIB decreased
with time and converged to a constant value (Figure 1). In addition, the νOH and δOH signals for the
water molecules were found to increase with time immediately after disk formation; this finding is well
correlated with the long-time relaxation of the SIB. These results strongly suggest that the dominant
factor of the SIB (strain around the grain boundary) is extrinsic and not intrinsic (crystallite strain).
Moreover, it is speculated that the strain relaxation phenomenon in the crystallite is due to amorphous
transformation strongly related to the water molecules.

The physicochemical properties of the examined materials determined by the matrix, i.e.,
the transmittance, refractive index, and dielectric constant, significantly influence the signals
obtained in the high-energy wavelength region. This is because severe artifact signals arise from
macroscopic anisotropies that are unique to solid-state samples in the polarization-modulation method.
By performing precise polarization-modulation spectroscopic measurements, we obtained detailed
information on these optical phenomena as well as the interactions between them and the dilute
sample. Here, we must emphasize that true chirality measurement is achieved only through the use of
analytical methods [1,3,11] devised to eliminate contributions from macroscopic anisotropies such as
nonchiral signals, LB, LD, and linearly polarized luminescence, except in cases where the OA after
relaxation of strain originated from the SIB is negligibly small compared with the net chirality signal.
The artifact signals originating from the coupling of instruments with non-ideal optical properties
must be checked, and the potential influence of these signals on the true chirality signal should be
investigated. In general, when the amplitudes of the nonchiral signals are 10 to 100 times larger than
that of the chirality signal (~10−4 OD), the artifact signal originating from the coupling of non-ideal
components (~10−3 OD) is of the order of 10−5–10−6 OD [1,3,11]. In this case, special operation is
unnecessary, because the artifact is sufficiently small compared to the true signal. On the other hand,
when the nonchiral signals have amplitudes more than 100 times larger than the chirality signal,
the artifact signal originating from the coupling effect is not negligibly small. Thus, we believe that the
true chirality signal must be obtained using the above polarization analysis method when the artifact
signals are larger than the true chirality signal.

Supplementary Materials: The following are available online: three figures, theoretical Equations (S1–S14).
Figure S1: Block diagram of the Comprehensive Chiroptical Spectrophotometer (CCS: J-700CPL), Figure S2: The
absolute LB signals of KBr disks made from different pressure, Figure S3: Time-course change of reflection spectra
of KBr disk, Theoretical equations (S1–S14).
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