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Abstract: We report on the refractive indices of $1Sg crystals in the
wavelength range 550 2300 nm. The measurements are performed at
room temperature using the minimum deviation method. The dispersion
is described by a two oscillator model yielding the oscillator energies and
strengths (Sellmeier parameters) for all polarization directions. The rotation
of the indicatrix in the mirror plane and the direction of the optical axes
have also been determined in the wavelength range550— 2200 nm.
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1. Introduction

Tin thiohypodiphosphate ($R.Sg) is a wide bandgap semiconductor ferroelectric with inter-
esting nonlinear optical properties [1] and large electro-optical coefficients [2]. In addition it
is also a very attractive photorefractive material showing fast photorefractive grating recording
times and large refractive index change in the red and near infrared spectral region [3, 4]. These
properties make SI»Ss an interesting material for several applications where laser diodes
are employed (laser stabilization [5], beam cleanup, optical phase conjugation [6]). The wide
optical transparency range extending fram= 0.53 um to A = 8 um [7] also allows optical
parametric generation of infrared wavelengths not accessible with standard nonlinear optical
crystals.

For the prediction of the phase-matching conditions, the principal refractive indices and the
orientation of the indicatrix in thezplane have to be known with a reasonable accuracy. Com-
plete and sufficiently accurate data for,85Ss are not available in the literature. Preliminary
refractive indices at room temperature for the visible and near-IR spectral range are given in [8],
but no data for some spectral regions (e. g. from 650 to 1300nm) is given. In addition the accu-
racy of these data is two orders of magnitude lower than the results reported here. Ref. [9] gives
the temperature dependence of the refractive indic@s-at633 nm and the relative rotation
of the indicatrix betweed = 510— 810 nm. The absolute position of the indicatrix has been
reported in [2].

In this paper measurements of the refractive indices at 295K in the wavelength range 550
2300 nm are presented. The absolute accuracy of the measurements is bettel h4nThe
dispersion of the data is analyzed and described with a two-oscillator Sellmeier model.

In SpP,Sg the indicatrix has a rotational degree of freedom in the mirror plane of the crystal
(xzplane). Its angle to thg-axis is measured for the wavelength rarige- 550— 2200 nm
with an accuracy of 0.4 Phase-matching conditions can be accurately predicted.

2. Crystallographic properties

SnpP,Ss is a proper ferroelectric with monoclinic point group symmetrgt room temperature.
The crystal undergoes a second-order phase transition to the centrosymmetric paraelectric phase
(point group2/m) at the temperaturé: = 338 K [10].

Optical quality SaP»Sg single crystals were produced by the conventional vapor-transport
technique [10, 11] using iodine as a transporter. We used nominally pure samples exhibiting
low photorefractive effects.

In this work we refer to the unit cell chosen by Dittmar and &eh [12] and the Cartesian
coordinate system according to the IEEE standard on piezoelectricity [13]y\ithperpen-
dicular to the mirror planez || c, the positive direction of thg-axis and thez-axis so that the
piezoelectric coefficientd andd,,,are positive and-y is chosen so thatyzis a right-handed
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system. In this systeiRs- X > 0 andPs- 2 < 0, with X andz the unit vectors ix andz-direction,
as we determined by measuring the pyroelectric current.

g
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Fig. 1. Position of the indicatrix and spontaneous polarizaf@m the xzplane at room
temperature. This is the mirror plane, perpendiculab tndy. (a,b,c) is the crystallo-
graphic system (non-orthogonal for monocline crystdls), z) is the Cartesian coordinate
system, andxi, X2, X3) is the dielectric coordinate system.

3. Rotation of theindicatrix

In both the paraelectric and ferroelectric phases the indicatrix giP£53 lies in the mirror
planexzand is rotated by an angte from thex-axis to its major axis (see Fig. 1).

This rotation angle was measured by determining the rotation angle of the crystal for perfect
extinction between crossed polarizers. The crystal was rotated abgraxies which coincided
with the beam direction.

ForA =6328nm and 295K one gets an angle of either 43.3+0.4° ora = —46.7+0.4°.

This is because the measurement cannot distinguish between the major or the minor dielectric
axis. We established that the angle between the major dielectric axis ameaiti® isa =
43.3+0.4° by exploiting the fact that the reflection angle at an internal reflection depends on
the rotation of the indicatrix. This to our best knowledge new method is described in Appendix
A, and can be used for an easy determination offzexis.

For the measurement of the indicatrix rotation we used two rectangular samples with dimen-
sions 521 x 7.58 x 5.83 mn? and 507 x 5.38 x 4.85mn? alongx, y andz axes respectively
and polished faces perpendicular to thaxis. The orientation of the crystallographic axes of
these samples wais6’ as determined by Laue scattering.

The measurements af were performed using a Perkins EIm&® spectrometer as light
source and detector. This permitted to automatically scan over the wavelength range of
550...2200nm for various rotationsc of the crystal between the two crossed polarizers. We
received the complete transmission map as a function of the wavelgratid the anglexc,
where the minimum represents the index ellipsoid orientation to be determined. For each wave-
length the bottom dozen of points was used to fit a parabola and find the minimum. The results
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Fig. 2. Measured rotation angte of the major axis of the indicatrix to theaxis (T =
300K) Error:+0.4°. In the inset a comparison is shown with the less precise data calculated
from the refractive indices (grey circles).

from one sample are displayed in Fig. 2. The errot-6f4° comes mainly from the uncertainty
of the absolute calibration value farmeasured at 632.8 nm. The relative error is much smaller
(approximately 0.05).

No model is known to explain the rotation of the indicatrix in low symmetry crystals. How-
ever the data in Fig. 2 can be well fitted by the empirical formula (mean absolute deviation
= 1/40°)

o (o
A(A) = O+ ~= + 2

A2 A4 (1)
with a. = 53.54° being the rotation for infinitely long wavelengttr; = —5.523°um? and
ap = 0.4510°um? (at T = 300K).

The temperature dependenceais given in Ref. [9] and aT' = 295K andA = 633nm
da — —0.16KL.

One can also calculate the disperstof ) from refractive index measurementsmf nz and
ng, although this calculation is much less precise than the direct measurement. From our data
presented later in this article we get a good agreement with Fig. 2, which is shown in the inset
of that figure.

From the principal refractive indices one can also calculate the orientation of the two optical
axes of SpP,Sg, i.e. the beam directions, where all polarizations see the same refractive index.
In biaxial crystals these beam orientations have to be perpendicular to the middle principal
refractive indexnmig = n1 for SmpP,Sg. Both optical axes are off the same angldérom the
axis corresponding to the minimum refractive indgx, (= n for SmP,Sg), namely

1 1
n2 n2.
tarfV = -4 )
. 2.
Mhid Mhin

The angle ¥ between the two optical axes is shown in Fig. 3.
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Fig. 3. Angle % between the optical axes, calculated from the refractive indices given by
Eq. (6) and the parameters in Table 3.

4. Refractiveindex measurement
4.1. Samples

For the measurement of the three principal refractive indices gP83 by the minimum de-

viation method [14] two prisms with different crystallographic orientations are necessary. The
orientations must be chosen such that the prism-bisecting plane contains at least one principal
axis of the index ellipsoid. We cut two such prisms out of a single crystal and a third prism
was cut out of another $SR.Ss crystal to determine the variations of refractive index between
different crystals. The sizes and orientations are given in Table 1. The apex gnatesap-
proximately 29 and were chosen to be as large as possible (since the error%rmmg—g
diminish with larger apex angles) with the restriction not to let the incidence angle exceed 55

Table 1. Size and orientation of the prism samples. Sample 1 and 2 are cut from the same
crystal. Both samples 1 and 3 permit to measurexnd nz, while sample 2 permits to
measurea, andn,.

Bisectrix Height
Height Sample| Length | Orien- | Length | Orien-
[mm] | tation | [mm] | tation
y 1 6.0 z 7.5 X
Bisectrix 2 6.0 4 4.3 y
3 5.1 z 5.7 X
Sample 1

The non-parallel surfaces are polished to a flatness/dfof a He-Ne wavelength over the
central region of the surfaces. This region has a diameter ranging from 65% to 90% of the
crystals edge and is larger than the diameter of the beams used in the experiment. The resulting
error in the apex angle due to imperfect centering of the beam on the crystal is approximately
0.0071°.
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4.2. Experiment

Refractive index measurements were performed at 295K using the minimum-deviation method.
The samples were mounted under a cover and thermally stabilized by a Peltier element to better
than+0.03K. The refractive indices were measured at 43 different wavelengths between 550
and 2300 nm. In the visible and near IR region (up to 1181 nm) a xenon spectral lamp was used
together with a monochromator. The wavelength passband of this assembly was 1 nm. The
absolute setting of the wavelength was checked with laser lines at 632.8 nm and 1313.4 nm.
It was found to be better thaiA = 0.5 nm. The wavelengths above 820 nm corresponded

to spectral lines of the xenon lamp. Above 1181 nm an optical parametric amplifier (TOPAS,
Light Conversion Ltd) pumped by a 150fs Ti:Sapphire laser (Clark-MXR) was employed. The
wavelength bandpass of this system was several tens of nm, but due to lower dispersion and
the geometry of the set-up, measurements with good precision were nevertheless possible. Ad-
ditional measurements were performed at 632.8 nm with a He-Ne laser, as well as at 1313.4
using a diode pumped YLF laser (ADLAS model DPY 2023, = 0.5nm) and at 1565 and

1605 nm with a stabilized diode laser (Santec TSL-Z20—= 0.005nm).

The deflected light was focused on a camera mounted on a rotatable arm controlled by a
stepping motor. The rotation stage had a resolution of 0.005 degrees and a positional accuracy
of 0.01 degrees. For wavelengths below 950 nm a silicon CCD camera has been used, beyond
it a Vidicon camera (Micronviewer 7290A-06E). The cameras were attached to a laser beam
analyzer for a precise determination of the position of the peak (more precise than the rotational
accuracy). This allowed also the measurement at the central wavelength of the fs-pulse and the
accuracy was not limited by its large bandwidth.

The refractive index can be determined by measuring the angle of minimum de\datith
the apex anglé of the prism, and using:

_sin[(6+¢)/2]
"= sin@/2) )
The accuracy of the refractive index measurements depends on the accuracy of the angular

measurements, temperature, wavelength, and of the orientation of the prism-bisecting plane
with respect to the crystallographic axes and is given by:

An == Ansys+ Anstat
an on

on \*> [dn _\? [ on 2

< 23.10%

The apex angle leads to a systematic efmyys of the refractive index. We determined the
apex angle using a using a Michelson interferometer in which one mirror was substituted by
the prism. The statistical accuracy of the apex measurement.@@% Ogiving a contribution
of g—gAtp = 7-107° to An. Another systematic error is introduced by the orientational inac-
curacy g, of the principal refractive index axes with respect to the prism-bisecting plane. The
orientation of the crystal is controlled by x-ray scattering to 3 arcmin, and the process of fabri-
cating the prisms introduces an error of less than 45 arcmin. For the main refractive indices this
gives an error{;’—(gA(pZ < 2-10°5. But this error would grow by two orders of magnitude and
dominate all others when measuring sincen; is not extremal in this deviation.
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To the systematic error the measurement of the angle of minimum deviation adds a statistical
error (Ansta) With terms given by the inaccuracy 6f temperaturd and flatness of the surfaces
of the prisms expressed by an angle. The dominant term is due tdd. Measuring the double
minimum deviation angle)\d becomes 0.005 degrees aggﬂé ~ 1.2-10°%. The error caused
by the inaccuracy of the temperature depends on the wavelength and polarization. Values of the
temperature dispersion are available only at a few wavelengths in the visible [9] angghgre
is between T7- 10~° (for ny) and 36-10~° (for ny). The last contribution for the inaccuracy
Angiarcomes from the imperfect flathess of the prism’s surfaces, so that the apex angle changes
if the beam comes away from the centric position. In our experir@%l;lm(pg ranged from

(1...7)-107° depending on the prism used.

The error due td\¢ grows with larger refractive index, while the one due\d diminishes
approximately by the same amount, leading to a total émorhich is approximately constant
over the whole wavelength range.

Refractive indices

2.6

1000 1500 2000
A [nm]

Fig. 4. Principal refractive indices of $Ss at T = 295K in the wavelength range

550...2300nm. The point signs do not correspond to the error arsy(2-10~4) and

for np andnz (A < 1650nm) data points from two crystals are displayed. The continuous
lines correspond to a two-oscillators Sellmeier model with the parameters given in Table 3.

5. Results

The principal refractive indices of $R,Sg at 295K are shown in Fig. 4. The largest refractive
indexng reaches 3.3 at = 550nm close to the absorption edge at 530 nm, while the smallest
refractive indexn; goes down to 2.69 in the infrared.

The measurements give us the lengthsn, andng of the principal axes of the indicatrix.
As can be seen in Fig. 1, the indicatrix is rotated by the aogeound theéb-axis with respect
to the crystallographic axes. Therefore the refractive indices for light polarization along the
Cartesian axes, y andz are

(sinza cos’-a)_%
n, = -

2 2
né ng
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n = m (5)

(cosza sinza)

_ +
> >
ny n3

Nl

nz B

whereqa is the angle between the axisand axis 3 (largest refractive index). Table 2 displays
the refractive indices at room temperature for some selected wavelengths.

Table 2. Refractive indices of SR, Sg at selected wavelengths & 295K). The values of
ny andn; are calculated using Eq. (5) and the measured valueg of anda.

Afpm] | m Ny N Ny N,
0.5500 | 3.1682 3.0529 3.2887 3.2341 3.2173
0.6328 | 3.0256 2.9309 3.0982 3.0629 3.0588
0.8080 | 2.8980 2.8162 2.9438 2.9184 2.9215
0.8600 | 2.8774 2.7974 29199 2.8957 2.8997
1.0640 | 2.8270 2.7511 2.8623 2.8410 2.8469
1.3134 | 2.7966 2.7231 2.8282 2.8085 2.8154
1.5500 | 2.7808 2.7085 2.8107 2.7918 2.7991
2.0000 | 2.7653 2.6941 2.7935 2.7753 2.7831
2.3000 | 2.7597 2.6889 2.7873 2.7694 2.77y3

The curves of Fig. 4 were obtained by using a two-term Sellmeier oscillator model:

SiIA? SAZ
) =1 A T I A

(6)

S andS; are the Sellmeier oscillator strengtiig,and A, represent the oscillator wavelengths,
andE; = *}TIC are its energies. This model, with four adjustable parameters, represents the exper-

imental data of each crystal to within 204, Sellmeier expressions with only one oscillator
term could not describe the measurements accurately enough. This can be seen graphically in
Fig. 5, where we ploh?(A) — 1 versusA —2 for the same data as in Fig. 4. A one-oscillator
would show a straight line in this figure. The Sellmeier coefficients for the data in Fig. 4 and 5
as well as for calculated valuesgfandn, are given in Table 3. The main oscillator has an en-
ergyE; varying between 4.93 and 5.13 eV (24252 nm) depending on the polarization and is
15— 22 times stronger than the weaker oscillator positioned in the violet region{486 nm).

The oscillator energies observed are in accordance with the band structugde®Si s, 16].

Note that SpP,Sg, as most inorganic crystals, obeys to the empirical law of Wemple and Di-
Domenico [17, 18] that the ratiBy/Sy = (64 0.5) - 1014 eV, whereEy and S are the
oscillator energy and strength in a one-oscillator Sellmeier model.

The optical properties of $SR.Sg, and to an even greater extent the nonlinear optical prop-
erties, depend on the growth conditions and may vary from crystal to crystal. To test the re-
producibility of the refractive indices we measunedandng in two SrpP,Sg crystals from
different bowls (samples nr. 1 and nr. 3). For each crystal and both polarizations the data points
lie within a standard deviatiotiexp = 3- 10~“ from the corresponding fit. This indicates a good
reproducibility even upon a change in polarization. However the refractive indices of sample
nr. 3 are approximately -1.0~3 lower than in sample nr. 1, which is more than the error of the
measurement. In order to assess the crystal quality, we performed rocking curve [19] measure-
ments on the two crystals. For sample nr. 1 we measured a FWHM of 36 arcsec for the (400)
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Fig. 5. Principal refractive indices of S at T = 295K in the wavelength range
550...2300nm. The coordinate axes are choosen so that a one-oscillator Sellmeier model
would appear as a straight line. The continuous lines are from Eg. (6) using the parameters
shown in Table 3.

Table 3. Sellmeier coefficients for dispersion of the refractive index ePgH at T =
295K. The given values are the fit parameters for calculating the refractive indices with (6),
while the error is the one of the physical properties.

Sium™? A[nm]  Ei[eV]  Sum ] Az [nm] Ez [eV]
m | 9315+1 2516+4 493+008 341+1 4277+=7 290+0.05
np | 905241 245946 504+0.12 406+1 4065+10 305+0.07
ns | 915141 250444 4.95+0.08 477+1 4402+7 282+0.05
ne | 941242 242647 511+0.14 568+1 4262+9 291+0.06
n, | 9653+2 241947 513+014 545+1 4216+9 294+0.06

peak and 16 arcsec for the (600) one. Sample nr. 3 had FWHMSs of 80 and 90 arcsec, respec-
tively. This indicates that both samples have a good crystallographic ordering, but crystal nr. 1 is
nearer to the perfect crystalline structure. Since the goal is to measure the refractive indices for
the perfect SgP»Sg structure, and more defects are likely to reduce the refractive indices, we
used only the data from sample nr. 1 in this paper. Sample nr. 2, which was used for measuring
ny, was cut from the same bowl as sample nr. 1.

6. Conclusions

Refractive indices, indicatrix rotation and direction of the optical axes eP&% have been
determined at room temperature. It has been shown that the refractive indices can be well de-
scribed by a two oscillator Sellmeier equation with a strong UV oscillatpe(242— 252 nm)
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and a weaker oscillator in the violet{= 406— 440 nm). At 300K andh = 550 nm the major
axis of the indicatrix is oriented at an angte= 40.2 4+ 0.4° off the x-axis towards the-axis.
This deviation increases with longer wavelengths, reaching an extrapolated angle ©0&63.5
infinite wavelength.
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Appendix A

We explain here in detail a novel method for determining if the major axis of the indicatrix of
SnpPySs is rotated bya = 43.3° or o = —46.7° from the x-axis, and how it can be used to
determine thet-z direction.

Let us analyze the beam propagation given in Big— where a beam enters a crystal, makes
an internal reflection and subsequently exits — for the case that the indicatrix does not lie
perpendicular to its surfaces, as happens in monoclinic crystals, or even in uniaxial ones if they
are cut obliquely to the optical axis.

a) z b)

. Lx
B O, /
\<e‘out

Fig. 6. Schematic of an internal reflection feipolarized light. The outgoing angtt is

not equal tod, if the indicatrix is rotated in thezplane. The energy propagation (Poynt-
ing) vector is not parallel to the wave vectoin the crystal, but follows it proximately in

the case of this figure. In part b) the normal index surface (see text) is drawn. As in Fig. 1,
o is the rotation angle of the major axis of the indicatrix from theaxis, and therefore

the rotation angle of the major axis of the normal index surface from-thaxis.

For a polarization that sees the rotation of the indicatrix, i. e. that is in the plane of the rota-
tion, the angledyy: under which the beam leaves the crystal (exit angle), is different from the
incidence anglé,. The differencefy i — By, In SLP,Ss is approximately 10for the orienta-
tion given in Fig. 6 and changes sign if the crystal is rotated by 286undx or z.

For understanding why the angls, is not equal to8,,, we assume that the indicatrix is
rotated in thexzplane, the crystal is cut along the Cartesian axes, and both the beam propagation
and beam polarization are in tkeplane (see Fig. 6). We can then describe the indicatrix by an
ellipse rotated by an angke as defined in Fig. 1. In thB-space of the light polarization, the
distance between the origin and each point of the indicatrix ellipse corresponds to the refractive
index for that polarization direction. In tHe-space, which is orthogonal to tlizspace, the
indicatrix rotated by 90 (which is called normal index surface [20]) is therefore the refractive
index for a giverk direction.
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For a given wavelength, energy conservation forces all the possible wave viedmig
on this normal index surface. At the internal reflection the boundary conditions (translation
symmetry inx direction) imply that
ki-x=k-x

so thatk, is given by the intersection of the normal index surface with a vertical line in Fig. 6b.
One sees that the reflection andgie(between the internal reflected wave vedtgrand the
normal to the crystal surface) is not equal to the internal incidence &nglehe normal index
surface (and thus the indicatrix) does not lie perpendicular to the surface.

Bout is larger tharg, if the major axis of the normal index surface is in the II,IV quadrants,
so the one of the indicatrix in the I,lll quadrants aridQa < 90°. For 90 < a < 180, Byyt
is diminuished, and for certain small incidence anglis € 8° andkin x < 0 for SrpP2Ss) Bout
even becomes negative, i.lgy points up in Fig. 6.

External incidence
angle 6y

50°

- = 10°

1

1 1
0 45 90 135 180
Rotation of indicatrix O [°]

Fig. 7. Calculation of the variatiofoyt — 6, versus the rotation of the indicatrix in the
xz-plane for SaP,Ss (Fig. 6).

Figure 7 display$,,:— 6, versus the rotation angle of the indicatrix for different incidence
anglesB;,. The change irf,y; is maximal ata = +45°, while for the indicatrix parallel to the
crystal surfacesg( = 0°, 90°, 180°) there is no change. The dependencégiis not as strong
as ona and does not change the sign@f; — 6;,. For typical main refractive indices and
nz, the maximum value o,y — 6, is nearly constant fo, < 20° and increases for largé,
due to the sine function in the Snell’s law.

In this article we used the effect described here to determine that the major axis of the indi-
catrix lies in the I,lll quadrants of the coordinate system determined by measuring the sign of
the piezoelectric coefficients.

We also established that the spontaneous polariz&ggooints in the direction of-x. It is
now possible to use the internal reflection method to findithdirection andPs for +x, which
is much easier than the other methods, such as Laue diffraction, the measurement of the sign of
the piezoelectric coefficients, the dispersion of the indicatrix rotadipar, for crystals where
a is not neam-45° (me Z), just a precise measurementaf
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