Savoia et al.

Vol. 28, No. 4 / April 2011 / J. Opt. Soc. Am. B 679

Nonlocal optical second harmonic generation
from centrosymmetric birefringent crystals:
the case of muscovite mica

Annunziata Savoia, Marco Siano, Domenico Paparo,* and Lorenzo Marrucci

CNR-SPIN and Dipartimento di Scienze Fisiche, Universita di Napoli “Federico II,”
Complesso Universita di Monte Sant’Angelo, via Cintia, 80126 Napoli, Italy
*Corresponding author: paparo@na.infn.it

Received September 2, 2010; revised January 4, 2011; accepted January 7, 2011;
posted January 12, 2011 (Doc. ID 134452); published March 10, 2011

We present a detailed study of the optical second harmonic (SH) generated in samples of centrosymmetric
muscovite mica. Samples with thicknesses ranging from 30 to 300 um have been investigated in a transmission
normal-incidence geometry. We found a strong dependence of the polarization-dependent SH signal on the sam-
ple thickness. In particular, in some of the thickest samples, the SH signal is strongly enhanced. This signal am-
plification is not monotonically increased with thickness, but it varies erratically. These findings show that under
the present experimental conditions, quadrupolar bulk second harmonic generation in mica becomes dominant on
the SH generated from the surfaces. The large variability of the SH signal with the variation in thickness is then
ascribed to partial optical phase-matching effects, controlled by the mica birefringence. In order to corroborate this
hypothesis, a detailed theoretical model accounting for the nonlocal response and anisotropy of a generic bire-
fringent crystal has been developed. The predictions of our model are found to be in excellent agreement with the

experimental data. © 2011 Optical Society of America
000.2190, 190.0190, 190.4720, 310.0310, 310.6860.
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1. INTRODUCTION

Muscovite mica is a mineral belonging to the group of phyllo-
silicates, widely used as substrate for technological and bio-
logical applications because of its cleavage properties [1-6].
These properties allow one to easily produce atomically flat
surfaces over an area of several squared centimeters, thus
providing ideal substrates for the deposition of materials
whose roughness needs to be controlled at atomic scale. In
addition, mica is transparent in both the visible and infrared
spectral regions, and it is a centrosymmetric crystal.

The latter property renders mica an ideal substrate when
second harmonic generation (SHG) is used for investigating
ultrathin films or monolayers of molecular adsorbates. SHG
is based on a second-order optical phenomenon that consists
of the frequency doubling of some of the incident photons (at
the fundamental frequency) during their interaction with the
material. The frequency-doubled photons are typically seen in
the reflected or transmitted light. Therefore an experimental
reflection or transmission geometry may generally be used.
The surface sensitivity of SHG arises because, under dipole
approximation, the second-order nonlinear susceptibility
characterizing the SHG response of the material vanishes in
the bulk of centrosymmetric media. In contrast, where the in-
version symmetry is broken, such as at a surface or interface,
a relatively strong response is obtained, as demonstrated in a
large variety of physical systems [7-12]. This renders SHG ex-
tremely sensitive to the interface, much more so than normal
linear optical spectroscopies. However, beyond the dipole ap-
proximation, nonlocal higher order effects can also lead to a
significant SHG in the bulk of centrosymmetric materials
[13-15]. In centrosymmetric materials, this volume process
is much less efficient than in surface SHG, but it integrates
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on a larger fraction of the material. Therefore, under specific
experimental conditions, it can exceed and eventually hide
the second harmonic (SH) signal generated from the surface.
When this happens, the power of this technique as a surface
probe is drastically reduced. To minimize these bulk contribu-
tions, often a reflection geometry is used [16]. However, there
are experiments, as in SHG microscopy, where a transmission
geometry cannot be avoided. In this case, a detailed knowl-
edge of the nonlocal contribution to SHG in mica would be
highly desirable in order to select alternative strategies for
maximizing the signal-to-noise ratio or for an effective sub-
traction of the substrate background. So far, a detailed experi-
mental investigation of the nonlocal SHG response in mica has
never been reported in literature. In Ref. [17], the results of
some experiments of SHG from mica in a transmission geome-
try are reported. Because mica is centrosymmetric, the ob-
served SH signal was assumed to originate from the crystal
surfaces, but this assumption was not supported by any
experimental evidence. In a later paper, the same author, to-
gether with others, succeeded in isolating the SHG contribu-
tion from only the back surface of a mica crystal by using a
suitable wavelength, which allows suppression of, through ab-
sorption, the SH signal generated in the volume [18]. However,
the issue of discriminating between surface and bulk SHG in
mica remains open.

An important experimental test for discriminating between
surface and bulk SHG is based on verifying the dependence of
the SH signal on the sample thickness, but this analysis is
missing in the aforementioned Ref. [17]. Therefore, aimed
at bridging this gap, in this work we have performed a detailed
experimental study of polarization-dependent SHG in mica
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samples with different thicknesses and in a transmission
geometry.

In order to model our experimental results, we have
developed a detailed theory of nonlocal SHG in centrosym-
metric materials. Because mica is a birefringent crystal, our
derivation has tackled the additional complication of includ-
ing birefringence.

We stress that our theoretical analysis is actually indepen-
dent of the specific case of mica, and it is applicable to any
centrosymmetric birefringent crystal, including dichroic crys-
tals, although with some additional restriction, as explained in
the following. In particular, we consider the general case of a
crystal whose principal dielectric axis does not lie in a plane
parallel to the crystal input face. To our knowledge, a general
theory describing nonlocal SHG in birefringent centrosym-
metric crystals and in a transmission geometry has never been
reported in the literature. We quote here the paper by Omote
et al. [19], in which an analogous theoretical analysis is pres-
ented for birefringent centrosymmetric crystals, but for a geo-
metry in reflection and for the case of a uniaxial crystal whose
axis is perpendicular or parallel to the crystal input face. As
we will show in the following, in a transmission geometry,
phase-matching effects play a crucial role and lead to a dram-
atic dependence of the SH signal with thickness and birefrin-
gence, which was not explicitly analyzed in Ref. [19]. For all
these reasons, in the next section and in Appendix A, we
present our theory in detail.

2. THEORY

In this section, we describe the theory of nonlocal SHG in bi-
refringent centrosymmetric crystals in a transmission normal-
incidence geometry.

A. Nonlinear Nonlocal Constitutive Equations

SHG is a nonlinear optical process in which the response of a
material, characterized by the electric polarization P(k, ®) in
the Fourier-tranform space, acquires a component Péi)) (k)
quadratic in the electric field of the input wave, called
second-order nonlinear polarization. In general, the value of
P(k, w) depends on the value of the field in some region of
the material. Therefore, assuming only homogeneity of the
medium, the general constitutive equation, accounting for spa-
tial and temporal dispersion, at the second order in the optical
field is written

Pi(k.w) = P} (k) + P} (K)

J.@
PG ~2) w1
= €ty (kw)Ey (k) + [ 75 (K. kK" o, 0")
x E, (K, 0" E|(K', 0")é(w - & - &")
% 3(k - K - k)P K&K de/ o, (1)

where E), are the electrical field components for a mono-
chromatic input field, 7! is the linear susceptibility tensor,
7@ is the second-order nonlinear susceptibility tensor, and
Dirac-6 functions are used. Here, and in the following, the
Einsteinian sum rule on repeated indices is used unless other-
wise specified.

Usually the sl(oatlal dispersion is weak, and the functions
;(](h (k,w) and ;(hl (K, K" ,@', ") can be hence expanded in
the power series up to the first order in the variable k. We thus
obtain
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where the following quantities have been introduced:

2 (@) =75 (0. @), @)
2@ ") = 75(0,0,0/ "), (5)
(@) = 07y /0kilio. (6)
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The latter functions satisfy the following symmetry relations

2 2
2. 0") = £ (0" @), ©)

Vinig(@', @") = Vg (0", @'). (10)

The function g;,(w) accounts for the chirality of the
medium and vanishes in centrosymmetric media (it will be
neglected in the following).

In real space, Eq. (1) is rewritten as

1
Pi(r.0) = €qz}, (0)E) (r.0)

/dw do’ )((hl (0, @")E,(r,0")E(r,0")5(w - - ")
—i/da)’da)”yjm(a)’,w”)El(r,a)”)

aa E,(r,0)6(w-ao' —ao")
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—w —a").
aqul(r ")5(w-a' —a") (11)

If a monochromatic wave at frequency @ impinges on the
medium, the nonlinear interaction described by Eq. (11)
generates optical radiation at 2 @. In order to consider all the
possible couplings between these two optical components, it
is useful to write the optical field in the following form:

Ej(r,w) = Ej3(r)é(w - @) + E; ,(r)5(0 + @)

+ Ej 2 (r)d(0 - 20) + Ej,, (r)é(0 + 20),  (12)

where the symbol * indicates complex conjugation. Conse-
quently, the medium nonlinear polarization is written
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Pj(r,w) = P;;(r)6(w - @) +P;f@(r)5(w + @)
+ Pj25(r)8(w = 20) + Py, (r)3(w + 20),  (13)

where

Pj () = €z (@) 5(r). (14)

P25(Y) = €01y (20)E) 0 (x) + 1) (@, @)E), (1) (1)

. o 0
— Wjuq(@, @)E; 5 (1) %Eh.&)(r)
q

(.0 B (F) 2 1) (15)
q
Equation (14) is obtained under the pump nondepletion ap-
proximation, meaning that the effect of the weak SH field
on the strong pump has been neglected [20].

Based on symmetry arguments, it is straightforward to
show that in the volume of centrosymmetric materials,
;(J(ig (@, @) vanishes [8]. In these materials, it is different from
zero only at surfaces where the inversion symmetry is natu-
rally broken. The only contribution to SHG from the bulk
of the centrosymmetric materials derives from the nonlocality
of the nonlinear response accounted for by the functions y;;,
and 7. In the following, it is assumed that the SH signal
generated in the bulk is much stronger than the surface
SHG. Therefore, all the contributions to SHG deriving from
;(J(.Zl) (@, @) will be neglected. By applying the intrinsic symme-
try to Eq. (13), the second-order nonlocal response is written

P;2a(r) = €qryy) (20) B 20(x) + PYL, (1), (16)
where
NL T D 9
Pj,Z&)(r) = jhlq( va))Eh.(D(r) %El.@(r)’ (17)
q
g (@, @) = =2y (@, @) = —217 53 (@, @). (18)

B. Nonlocal Second Harmonic Radiation Generated in
Centrosymmetric Anisotropic Materials

In this section, a general analytical expression for the SHG
generated in the bulk of centrosymmetric anisotropic materi-
als will be derived. Let an anisotropic centrosymmetric crystal
occupy a region of space in the laboratory frame extending
from z = 0 to 2 = d. The crystal surfaces are parallel to the
plane x—y (see Fig. 1). The input beam is assumed to impinge
on the face 2z = 0 of the sample at normal incidence. To sim-
plify the notation, here and in the following, the input beam
frequency @ will be indicated as w. In the following, we will
limit our treatment to the case of a plane wave, which can be
analytically solved.

Based on Eq. (12) for the optical field and Eq. (13) for the
polarization that acts as source for the Maxwell equations, the
SH radiation is obtained by solving the following coupled
equations:

d? d?
@Ej,m (2) -9,

)iz @Ez.w(z) +/40w2€jh(0))Eh,m(z) =0, (19)
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d2 d?
@E’j,zw () - 62 @Ezzw (2) + 4uow’e;, (20)E; 5, (2)
= ~4puya*P}3, (2), (20)

where the dielectric tensor €;, = €,(8;, + 1};)) has been intro-
duced and 5y, is the Kronecker symbol. It is worth noting that
in Eq. (19), there is no coupling between the pump wave at @
and the SH wave at 2. This is a consequence of the pump
nondepletion approximation.

Equations (19) and (20) imply that the 2 component of
the field can be expressed in terms of x and y components
as follows:

€.
Ez,m = _Z ﬁEj,an (21)

ey €

€. 1
E’z‘Zw =~ Z €ﬁEj.2m - e_PIz\%m (22)
J=xy R 22
Equations (21) and (22) may be used to reduce the initial
three equations for the optical field to the following two:

a? _
d2

_ = d
@Ej,Zm () + 4#00)2€jh(2w)Ej.2m () = _4ﬂ0w2rjhlEhm —E,,

dz
(24)

where now 7, h, l = x, y, and the following two-dimensional
tensors have been introduced:

Fig. 1. (Color online) Axis orientation for the laboratory reference
frame x 2 and crystal reference frame ij k. Axes @ and b represent
the projection of the dielectric axis 2 and j on the cleavage plane par-
allel to the 7y plane. The tensor €, is diagonal respect to these axes
(see text). ¥ is the angle formed between axis ¥ and a. For mica, the k
axis forms a small 5° angle with the 2 axis (this angle has been exag-
gerated in figure for clarity) and the shadowed rectangle represents
the intersection between the glide plane and crystal cell itself,
whereas the 7 axis is the twofold axis.
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Note that the tensor €, is symmetric as the original dielectric
tensor. Therefore, there exist two orthogonal axes a—b in the
x—y plane, which allow us to diagonalize it (see Fig. 1). We
assume that these two axes are the same for both the funda-
mental and the SH frequencies, only slightly reducing the gen-
erality of our theory. A similar limitation instead must be
introduced if we want to consider dichroic crystals, too. In
this case, our approach is still valid if we can assume that the
real and imaginary parts of the €;, tensor may be diagonalized
with the same pair of axis.

In the abz reference system, it is straightforward, showing
that a general solution of Eq. (23) has the following form:
E,,(2) = &,,(2) exp(in,z), where nZ = pyw*€,, () with y =
a,b. Sw(z) is a function that is slowly varying compared to
the factor exp(in,2). The specific expression of £, ,,(2) is fixed
by the boundary conditions.

Analogous to Eq. (23), the solution for Eq. (24) may be
searched in the form E, 5, (2) = £, 2,(2) exp(ik,z) with k? =
(4w?/c*)€,, (20). However, in this case an exact solution can-
not be found and we must apply the slowly varying envelope
approximation (SVEA) [20].

Under SVEA, the solution for the field amplitude &, 5, is
given by

2
£, 20(d) = id ”O“’

[T(laygé ] ( aby + Tbay)ga,(ugb,w
+ Tbbygb m]e ik,d7 (27)

where £,5,(d = 0) has been set at zero and the following
tensor has been introduced:

(na+np+ky)d

Top, = iﬂ/}r‘yaﬁ(wv w)e' 2

d
X sync |:(77a + Mg — ky) §:| ’ (28)

(sync = sin(x) /x).

Given the components of the optical field in the crystal-
reference system, the optical field at the output of the sample
in the laboratory frame may be found by projecting the funda-
mental beam vector &, , and the SH amplitude &, »,,(d) on the
axis & and . It is useful to introduce the rotation matrix R,
defined by

a R Z\ [ cosd¥ sind\ [ x

b)  "\y/) \-sind cosd/\y /)
The SH optical field at the sample output in the laboratory
frame is then given by

] 2w Z / 2(11 d' (29)

y=a,b

Inserting Eq. (27) in Eq. (29), we obtain
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By (d) = i2dpoa”y B3, > k'R, [T oq RotR b
h y=a.b

+ (Tavy + Toay)RapRin + TooyRpn Ry, (30)

where the index h = x, y refers to the input beam polarization,
assumed to be linear.

The output SH intensity will have, in general, two compo-
nents along the & and ¥ axes, respectively. If the experimental
setup is suitable for separately analyzing these two compo-
nents, then four polarization combinations can be measured:
xx, xy, yx, yy. The intensity of the SH component along the &
axis is proportional to |E, 5, (d)|?, whereas the intensity of the
component along the ¥ axis is proportional to |Ey_2a,(d)\2.
From Eq. (30), the following equations are found for the SH
intensity Sj,(j,h = 2, y) in the four polarization combinations:

Sxx & |592£w |2SII (8)

T sa T T T,
=&, P cos? § + 22 4 2ave t Toaa) G § cos? §
kb ka
T T T T 2
+ M W) gin2Ycosd + —gind 9 |
k k, ks
(31)

Syx & |£y m|zsl(8)

— & w|2 bba cos> 9 + (Tbbb Topa + Tpaa

kb ka

) sind cos? 9

T T T T 4a
+(—M+ aaa>51n28c058+ , m38’

kb ka
(32)
and from trivial arguments of symmetry
Syy X \S;w\zsu D +=/2), (33)
Sy X |E2,1281 (8 + 7/2). (34)

C. Nonlocal Second Harmonic Generation from
Muscovite Mica
The general theory developed in the previous section is now
applied to the specific case of a crystal of muscovite mica.
Muscovite mica crystallizes in the monoclinic system; hence,
it is optically biaxial. Let us indicate its principal dielectric
axes with the unit vectors 7, 7, and IE, oriented as in Fig. 1. The
principal dielectric axis k& forms an angle of ~5° with the la-
boratory 2 axis [21]. The two principal axes ¢ and j are
almost parallel to the cleavage plane, which lies in the plane
2y of the laboratory frame. This angle will be neglected in the
following, and 2 and k will be considered almost parallel.
Therefore, axes ¢ and b introduced in the previous section
are, with good approximation, coincident with the 2 and
j axes.
If the refractive index along a given direction y is defined as

n,, = /€, (®)/€, then the birefringence at ® and 2o may be
written as A, =0y, — Mg, and Ay, = Ny 9, — Mg ,, rESpec-
tively. It is also useful to introduce the frequency dispersion
with respect to axis @, §, = 142, — M40 In the visible range,
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the birefringence and dispersion of muscovite mica are of the
order of 5 x 1073 [22] and 2 x 102 [23], respectively.

Additionally mica possess a plane of symmetry, the so-
called glide plane [24], orthogonal to the axis b. The existence
of a glide plane implies that all the elements of the tensor T4,
containing an odd number of b indices vanish. Based on these
assumptions, it is straightforward to demonstrate that S ()
and S| (9) can be put in the following forms that single out
the § dependence of the SH intensity:

S;(9) o cos? 9[(Acos® & + B)? + (. (35)

S| (9) « cos?Y[(Acos®d + D) + F], (36)

where we have introduced the following relations:

_ Taaa - Tbba Tabb + Tbab
£= ke ko @7
Im(L

¢, = atan B:EEH (38)

_ Topa | Taro + Toa\ iy,
Hl—ReK ks + % )e ] (39)

T T T, )

H, = Re K% _ k_) e—m} , (40)
A= L], (41)
B = Re(H,), (42)
C = [Im(H,)P, (43)
D = Re(Hsy). (44)
F = [Im(Hy)2. (45)

The new real constants A, BB, C, D, and F are related to the old
constants by the following implicit relations:

@d,d

(A + B)Z +C= ‘Taaa/ka| = |r‘aaaz‘Sync [_ T:| ’ (46)

Na
kq

Aw - 5(1 d
(A+ D)2+ F = |Typa/kal = Z—b [T appz|Sync [%}
(47)
\/(A + B+ D)%+ (VCEVF)? = |(Tupp + Toas)/ K|
A
|3 — A2w - 5(1, d
_ 761 bavz + Ml boas] x syne ( 2 ) . (48)

[Fcs | c
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The sync functions entering in Egs. (46)—(48) give a critical
dependence of SHG on sample thickness in connection with
sample birefringence.

This is clearly shown in Fig. 2, where the results of a sim-
plified model developed in Appendix A are reported. In this
figure, the S, signal as a function of 9 is shown for different
sample thicknesses d (given in units of the fundamental wave-
length). It is worth noting that the 9 functional form of S,
varies dramatically, going from the thinnest to the thickest
samples: in the thinnest samples, there are six, equally intense
peaks, while for thicker samples, the diagrams display only
two prominent peaks. It is also interesting to consider the de-
pendence on thickness of the maximum value, S,., of each
SH diagram in 9. S,,, does not increase monotonically with
thickness, but it shows strong oscillations. From Fig. 2 it is
evident that a small variation in the sample thickness may lead
to a strong suppression of SHG, even in the thickest samples.
This is a clear signature of the effect of phase matching
accounted by the sync functions.

3. EXPERIMENT

The experimental setup for SHG measurements in a transmis-
sion geometry is shown in Fig. 3. A mode-locked Nd:YAG laser
generates pulses at a wavelength of 1064 nm, repetition rate of
10Hz, and duration of 20ps. The laser polarization is con-
trolled using a combination of a cube polarizer and a half-
wave plate. The laser beam impinging onto the mica at normal
incidence is focused on the sample by means of a lens with
15cm of focal length. For each sample, the cleavage plane
is perpendicular to the beam propagation direction. A filter,
F, stops the transmitted light of frequency w before detection,
while the generated radiation of frequency 2w is only slightly
attenuated. The output polarization of the 2w radiation is ana-
lyzed by means of a half-wave plate and a polarizing beam
splitter. In order to further reduce any background light, the
SH radiation passes through a monochromator. Finally, the
SH photons are detected by means of a Hamamatsu R928S
photomultiplier. The SHG has been analyzed for four mica
disks of the highest quality, grade V-1 (SPI Supplies). The first
two samples are freshly cleaved mica sheets of thickness 30
(sample M1) and 80 ym (sample M2), respectively. The other
two are mica disks, used as received from the supplier, with a

4.
c
=3
£
o
> 2
‘®
c
L1
£
T
0
0\,
90 ‘\\\
'9/ 180 \\\ ! i
% AN 5 - ~ > 100
@Q/ 270 N . n 60 80
360 ¢ 20 b

Fig. 2. (Color online) Results of the simplified model developed in
Appendix A. The SH is plotted as a function of the azimuthal angle
9 and sample thickness d (in units of wavelength). Note the strong
variability of the maximum SH intensity as a function of d.
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PMT

Fig. 3. (Color online) Layout of the experimental setup: P, Glan-Laser polarizer; 1/2, half-wave plate; L, lens; F, filter; MC, monochromator; and
PMT, photomultiplier tube. For clarity, the fundamental and SH beams have been displaced, but in reality, they are collinear.

nominal thickness ranging from 275 to 325 um (samples M3
and M4). The SH signal has been measured as a function of
the mica rotation around the normal to the cleavage plane
for four different input—-output polarization combinations:
xx, xy, yy, and yx. According to the previous sections, the
rotation angle around the normal to the crystal surface is in-
dicated with 9 (see Figs. 1 and 3). All data have been taken at
the same energy of the laser source (about 2.5 mJ per pulse on
the sample) at room temperature (296 K).

1.2

S 08
g
8
o)§ 0.4

0 90 180 270 360
(a) Rotation angle 3 (deg.)
/E
=}
g
&
cD>s

0 90 180 270 360
(c) Rotation angle 9 (deg.)

4. RESULTS AND DISCUSSION

The experimental results for the four samples are shown in
Figs. 4-6. As an example, in Fig. 4, the diagrams with 9§ depen-
dence (8 diagram) for sample M1 are reported for all four po-
larization combinations. Note that all four 3 diagrams display
six approximately equal peaks. This is verified only in the thin-
nest sample. Within the experimental errors, the & diagram of
S, is obtained from that of S,, by simply rotating angle & by

Syx(arb. un.)

0 90 180 270 360
Rotation angle 9 (deg.)

O, ¥, .
0 90

360

180 270

(d) Rotation angle S (deg.)

Fig. 4. SH signal of sample M1 for all polarization combinations. Error bars are given at a 90% level of confidence. The solid lines are the results of
a best-fit procedure based on Egs. (35) and (36). The four panels have the same units for the signal S.
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. ®
12 g
2 B
g g 8
=z &,
7N o 4
o, -~ -, %€ - ~, ¥] 0 ]
0 90 180 270 360 0 90 180 270 360
(a) Rotation angle 9 (deg.) (b) Rotation angle 9 (deg.)
c c
>S5 =]
o 2
3 s
CD= U)=
0 90 180 270 360 0 90 180 270 360
(c) Rotation angle 9 (deg.) (d) Rotation angle 3 (deg.)

Fig. 5. Comparison of the SH signal of all the samples for the parallel polarization combinations: (a) M1, (b) M2, (¢) M3, and (d) M4. Error bars and
solid lines are the same as in the caption of Fig. 4. The four panels have the same units for the signal S.

Sl (arb. un.)

S (arb.un.)

0 90 180 270 360 0 9 180 270 360
Rotation angle 3 (deg.) (b)

0 90 180 270 360
Rotation angle 9 (deg.) (d) Rotation angle 9 (deg.)

Fig. 6. Same comparison as in Fig. 5 but for the perpendicular polarization combinations.
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Table 1. Values of the Parameters Used
for the Fitting Curves of Figs. 4-6"

d (um) A B c D F
Ml 30 405  -3.01 0347 317  0.369
M2 80 560  -1.90 -0 ~4.20 0
M3 300 0758 -0.177 0338  -0.546 0.744
M4 300 -9.12 5.80 0 723 0294

“In the second column, the sample thicknesses are reported.

90°, as expected. Similar relations are verified for all other
samples as well (not shown).

Now we will focus the discussion on the parallel and per-
pendicular polarization combinations for all the samples. And
so, in the following we will refer to the functions S;(9)
and S 1 (8)

In Fig. 5 the ¥ diagrams of S for all four samples are com-
pared. The comparison highlights a strong variability from
sample to sample of both the & diagram shape and the max-
imum SH signal S,,... As already noted, the thinnest sample
shows a characteristic 9 diagram with six peaks of ap-
proximately the same magnitude. The other samples give &
diagrams with only two prominent peaks. Also, S, varies
drastically from sample to sample. The maximum SH intensity
in sample M2 (80 ym thickness) is 1 order of magnitude larger
than in sample M1 [Figs. 5(b) and 5(a), respectively]. S,,.x for
sample M3 with a nominal thickness in the interval
275-325 um is of the same order of magnitude of sample
M1 and, hence, 1 order of magnitude less than the thinner sam-
ple M2. In contrast, Sy, for sample M4 [Fig. 5(d)], which has
the same nominal thickness of M3, is 1 order of magnitude
higher than M3 [Fig. 5(c)] and, hence, of the same order of
magnitude as M2. In order to have an estimate of the absolute
SH intensity generated in mica, we have compared the SH sig-
nal from sample M4 against the SH intensity from an x-cut
quartz plate, 500 um thick, observed under the same experi-
mental conditions. We have found that the SH intensity of the
M4 sample is a factor 9.4 x 10? lower than that of the reference
quartz crystal.

In Fig. 6, the 9 diagrams of S for all the samples are re-
ported. For this polarization combination, the § diagrams do
not show the same behavior of the S| signal. Samples M1 and
M2 display a 9 diagram with six peaks [Figs. 6(a) and 6(b),
respectively]. The 3 diagram of M3 [Fig. 6(c)] shows two pro-
minent peaks with a peculiar shape. Finally, the 3 diagram of
M4 [Fig. 6(d)] shows four prominent peaks. In contrast to the
parallel polarization combination, S, also has a different be-
havior with thickness: all the samples, with the significant ex-
ception of M4, have a maximum SH intensity of the same order
of magnitude. S,,,;x of sample M4 is approximately five times
larger.

Although with different trends for the two polarization com-
binations, the observed increase by approximately 1 order of
magnitude of S, from the thinnest to the thickest samples
may only be explained by assuming that the SH signal is ori-
ginated in the bulk of mica. Because mica samples are centro-
symmetric, SHG must be caused by nonlocal higher order
effects. Therefore, we have applied a best-fit procedure based
on the theory developed in the previous sections in order to
explain these experimental results (we also verified that a
model considering only the surface local response of the
SHG was not able to fit the experimental data). For each
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sample, a global fit over all the polarization combinations is
performed, letting free only the five parameters A, B, C, D,
and F. The solid lines in Figs. 4-6 show the results of these
fits. The agreement is excellent and further confirms our as-
sumption that the observed SHG is nonlocal in nature. In
Table 1 the fitted parameters are tabulated. These values
may be inserted in Egs. (46)-(48) for obtaining the I' g, ele-
ments, but the sample birefringence and thickness must be
known with high precision.

If the observed SHG originates in the bulk, it critically
depends on phase-matching conditions and, hence, on the sam-
ple thickness, as predicted by the model presented in Fig. 2.
This satisfactorily explains the strong suppression of SHG in
sample M3, although the latter has a nominal thickness close
to sample M4, where the SH signal is strong. The same argu-
ment explains the strong suppression of SHG in sample M2
for the perpendicular polarization combination, although this
sample displays an efficient SHG for the parallel polarization
combination. The different behavior of M2 for the two polari-
zation combinations must be ascribed to the fact that the I'4,.
elements add up differently in Egs. (31) and (32), respectively.

Finally, we notice that the simpler six peak behavior of the
thinnest sample of mica also leads to the relation 3I',,,,+
Tyave + Dappe + Dipaz = 0, as shown in Appendix A.

5. CONCLUSIONS

In this paper, a detailed investigation of SHG from muscovite
mica in a transmission normal-incidence geometry has been
reported. Samples with different thicknesses have been stud-
ied, and a strong dependence of SHG on sample thickness has
been found. In particular, a strong enhancement of the SH
signal for some of the thickest samples has been observed.
The SH signal does not increase monotonically with thick-
ness, but it is found instead to be erratic in nature, with dra-
matic variations between samples that have the same nominal
thickness.

This extreme variability of SHG intensity with thickness
can be only explained by assuming that SHG originates in
the volume of mica. Because mica is a centrosymmetric crys-
tal, SHG must be ascribed to nonlocal higher order contribu-
tions to the material nonlinear polarization.

Based on this hypothesis, we have developed a detailed
theoretical model including nonlocal higher order terms
and crystal anisotropy. Our theoretical analysis is actually in-
dependent of the specific case of mica, and it is applicable to
any centrosymmetric birefringent crystals. As explained in
Section 1, a general theory describing nonlocal SHG in
birefringent centrosymmetric crystals and in a transmission
geometry has never been reported in literature.

This model has been used for fitting the experimental data.
We find excellent agreement between data and fits. In parti-
cular, the model was able to explain the large differences of
the maximum SH intensity observed in samples M3 and M4
that nominally have the same thickness (275-325 ym). Accord-
ing to our theoretical analysis, the extreme variability of Sy,
is caused by optical phase matching in connection with mica
birefringence.

The experimental and theoretical results of this work
clearly show that care is needed when using mica as the
substrate for SHG experiments in a transmission geometry
because, in some conditions, a large substrate background



Savoia et al.

signal may be generated. At the same time, the analysis pres-
ented here shows that a reduction of the SH signal from the
bulk of mica is possible by using a suitable combination of
sample thickness and azimuthal 9 angle.

Finally, we point out that in the present work, we have not
investigated the dependence of the SH signal on the incidence
angle. This test can be useful to further confirm our interpre-
tation based on the nonlocal second-order nonlinear response
of centrosymmetric crystals. In particular, this experiment is
expected to highlight interference effects analogous to the SH
fringes observed in noncentrosymmetric crystals by Maker
et al. [25], but with some deviation due to the additional de-
pendence on the k vector. This experiment will be the subject
of future work.

APPENDIX A: SIMPLE MODEL FOR SECOND
HARMONIC INTENSITY

In this appendix, a simple model for SH intensity is derived.
The starting point is Eq. (31), and, hence, the model will pro-
vide us with a simplified expression for the signal S, alone.
However, note that the assumptions used in the following are
too rough for describing quantitatively the differences be-
tween the different polarization combinations. Therefore, this
model can be only used for understanding qualitatively the de-
pendence on thickness and & of the SH intensity, indepen-
dently of the specific polarization combination.

Equation (31) may be rewritten so as to make evident the
dependence on the sync functions that account for the optical
phase-matching effects:

sz & Hr‘aaazf 0(

) = Cappaf 1(@) = (Tpape + Thpaz Mf2(d)] cos® §
+ Capaf1(d) 08 d + (Tyaps + Dypas)f2(d) cos d

2

(A1)

where d = d/2 (4 is the wavelength of the fundamental beam
in the vacuum) and

fo(d) = sync(-278,d). (A2)
f1(d) = sync[2z(A,, - 5,)d. (A3)
fa(d) = e x sync[2n(A,,/2 - Ay, - 6,)d). (Ad)

In the limit of small thickness, Eq. (Al) reads

1

Sxx o‘ﬁ

(Fatmz - Fabbz - Fbabz - beaz) COS(SS)
2
+ (SFaaaz + Fabbz + Fbabz + beaz) COSS ’ (A5)

where the trigonometric relation cos®® = (1/4)cos(39) +
(3/4) cosd has been used.

Experimentally, it turns out that for small thicknesses, the
dependence on 9 is approximately proportional to the square
of the cos(39) function. Therefore, the following relation
should hold true with good approximation: I'y,,, + 'ypes =
-3l gqqz — L'appz- Note that the I'y5,. are intrinsic properties
of the material that do not depend on the thickness. Therefore,
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the latter relation may be used for simplifying Eq. (Al) into the
following expression:

Sxx 5 C052 8‘{[f0(~) + 3f2(&)]raaaz
+ [fa(d) = f1(d)Tappe} €082 8 = Bf5(d) ygqe
= [fo(d) —f 1 (@) s |- (A6)

As seen above, the dispersion in mica is at least 1 order of
magnitude larger than the birefringence. Therefore, in
Egs. (A2)—-(A4), the denominators of the sync functions may
be approximated to —27r6a5l and factorized, leading to the fol-
lowing simplified equation approximately valid for mica:

Faaaz 3 3 < ra(laz 3 3 2
S x H 00(@) + 91(@)] cos? 9 - Lz g @) _ g @)
rabbz 1—‘abbz

(A7)
where

9o(d) =sin(-278,d) + 3¢~ ol sin[27(A,, /2 - Ag, - 5,)], (A8)

g1(d)=e " sin[27(A,,/2-Ag,~5,)]-sin[22(A,,~3,)d], (A9)

92(d) = go(d) - sin(-275,d). (A10)

Equation (A7) may be used to draw the graph shown in Fig. 2.
The latter has been obtained by assuming the ratio of
Iyaaz/T aps> being equal to one.
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