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Phase-matching condition in rotatory nonlinear optics
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Polarization rotation of light beams, such as optical activity and Faraday rotation, is a natural effect that gener-
ates the rotation of the polarized direction of light and some undiscovered characteristics in nonlinear optics. In
our previous study, we theoretically investigated the second-harmonic generation process in rotatory nonlinear
optics and found an unprecedented phase-matching condition. Here, the optical phase-matching condition in the
second-harmonic generation with rotatory polarization is theoretically analyzed and associated with the angular
rotation-induced phases of mixing waves, which goes beyond the previous theoretical analysis. Moreover,
the Pancharatnam-Berry topological phase was found to be periodically generated and could be employed to
compensate for the mismatched phase during nonlinear optical interaction. Possible experimental schemes were
proposed and discussed. This work provides not only a universal and flexible (quasi-) phase-matching condition
for the rotatory nonlinear optics existing in most nonlinear optical media but may also inspire the development

of modern photonics.
DOI: 10.1103/PhysRevA.105.023512

I. INTRODUCTION

Nonlinear frequency conversion has been applied to clas-
sical and quantum optics since the discovery of nonlinear
second-harmonic generation (SHG) in 1961 [1], which sub-
sequently boosted the discovery of many nonlinear optical
effects [2-6]. The phase-matching (PM) condition, which
describes the momentum relationship among the interacting
light, is the most critical factor when ensuring highly effi-
cient nonlinear frequency conversion. In 1962, birefringent
PM and quasi-phase-matching (QPM) conditions were theo-
retically proposed [7], which laid the theoretical foundations
for nonlinear optics. To date, most descriptions of PM con-
ditions in nonlinear optics are based on linearly polarized
light corresponding to the general birefringence, where two
orthonormalized linear polarization states can be used as a set
of basis vectors to describe the possible linear polarization
states. However, in addition to linear polarization, circular
birefringence (or circular dichroism) also exists in nature and
presents itself as the rotation of linear polarization in realistic
materials with helical structures [8]. From the viewpoint of
crystallography, SHG can be generated in acentric crystals
belonging to 20 different types of point groups, and among
them, materials belonging to a possible 15 types of point
groups could perform circular dichroism characterization,
which means that the rotation performance of the polarization
exhibited in nonlinear optics would be significant in the devel-
opment of the theory of nonlinear optics and future photonics.
In fact, little attention has been paid to the role of polarization
rotation [9,10] because current nonlinear optical materials that
are based on linear polarization have negligible optical activ-
ity, which limits the development and discovery of rotatory
nonlinear optics.
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In rotation linear optics, the Pancharatnam-Berry (PB)
topological phase is an important signature and was first
demonstrated by Pancharatnam while investigating the phase
relationship during the evolution of polarization states [11]. In
1986, experimental verification of the PB topological phase
was observed in an optical fiber [12]. In 1987, Berry [13]
unified and extended the theory of the geometric phase, which
inspired the recent theoretical and experimental development
of the higher-order PB phase [14]. Given the established PM
conditions, the PB topological phases should undoubtedly
contribute to the nonlinear optical process, but these have not
yet been explored. Herein, we theoretically study the SHG
with rotatory polarization and achieve the QPM conditions in
rotatory nonlinear optics based on the analysis of the angular
velocity. In addition, we also find that the PB topological
phases could be periodically generated and employed to com-
pensate for the mismatched phase, and hence the realization
of a QPM technique in rotatory nonlinear optics is made
possible.

II. EFFECTIVE ELECTRIC POLARIZATION AND
EFFECTIVE NONLINEAR COEFFICIENT

The SHG process in optically rotatory and nonlinear crys-
tals is shown in Fig. 1(a). A fundamental beam enters the
crystal at normal incidence, and the driving electric polariza-
tion vector of the SHG is generated. The fundamental wave

in the crystal is E “(r). The incident direction of the initial
sin 6 cos ¥

fundamental wave can be expressed as ¥ = (sinésiny ), where
cos 6

0 is the angle between the z axis and ¥, v is the angle between
the x axis and the projection of 9 in the xy plane, and 9
is a unit vector. The initial fundamental wave is assumed
to be perpendicular to the z axis and can be expressed as

o N sin
E“(0) = |E®(0)|(=cosv) to simplify the solution, which does
0

not impact the PM or QPM results. In the rotatory crystal, the
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fundamental electric field rotates dynamically, which means
that the direction of the induced electric polarization vector
gradually changes. As shown in Figs. 1(a) and 1(b), when
the fundamental wave propagates from the position O to r,
the rotation angle of the polarization state is p;r, where p; is

J

cosa + r%(1 — cosa)
rori(1 —cosa) + r3sina
r3ri(1 —cosa) — rpsina

R(x) =

where ry, r;, and r3 are the magnitudes of the wave compo-
nents along the x-, y-, and z axes, respectively. Therefore,
the electric field of the fundamental wave at position r is
expressed as

sin p17 cos 6 cos ¥ + cos pyr sin ¥
E®(r) = |E®(r)|| sin p;rcos 6 sin y — cos p;rcos ¥
— sin p;rsinf

2

The dynamic electric polarization vector generated by the
interaction of the rotating fundamental wave and the nonlinear
crystal can be expressed as a function of r, such that P2(r) =
cod : E“(r)E®(r), where & is the permittivity of free space,
and d is the matrix of second-order nonlinear coefficients.
In addition, the component of P2 (r) parallel to 7 should
be neglected because the second-harmonic (SH) electric field
can only be generated in the direction perpendicular to .
Hence, the contributing part is the component perpendicular
to P*(r), which is given by P2(r) = P2*(r) — P*(r) as
schematically shown in Fig. 1(b). The differential unit of the
incremental SH wave, dr, at position r can be written in a
differential form as dE2*", which is proportional and parallel
to ﬁf‘”(r) and expressed as dE*7" ﬁi“’(r) -dr. As shown
in Fig. 1(c), when the incremental SH wave generated at r
travels from r to the exit face L, the vector dE?®" rotates
at an angle of p,(L-r) and can be rewritten as deﬁz“’”,
where R, = R(p,(L—r)) is the matrix for the rotation angle
p2(L—r) around the axis of v, and p, is the rotational angular
velocity of the SH polarization plane. Therefore, Rzﬁi‘”(r) can
be considered as an effective electric polarization vector and

can be written as ﬁ;?(r) = Rzﬁf“’(r). The effective nonlinear

coefficient for the rotation SHG, éeff(r), can then be obtained
from the expression P;?(r) = godois ()| E®(P)||E® (7).

III. PHASE-MATCHING CONDITION OF ROTATORY

ELECTRIC FIELDS

Here, we express the fundamental wave, E¢, the output SH
wave, E2?_ and the effective electric polarization for SHG as:

E© :Awe_i(w[_(ﬂlul)’ 3)
E"zw — A’Zwefi(waﬂpz,,l)’ 4)

132fcf()(r) = RZﬁJz_w(V) B 6‘()Jeff(r)|gw 26_2i(wf—<ﬂ101), 5)

€

where the vectors A® and A% represent the complex am-
plitude in the directions of E® and E?®, respectively, which

rira(1 —cosa) — r3sina
cosa + (1 — cos )
r3r2(1 — cosa) + ry sina

the rotational angular velocity of the fundamental polarization
plane. Accordingly, the electric field vector of the fundamen-
tal wave E® becomes E“’(r) = RIE“’(O), where Ry = R(p;r)
and R(w) is a matrix for the rotation angle of « around the axis
v, defined as

rir3(1 —cosa) + rpysina
ror3(1 —cosay) — rysina |, (D
cosay + r32(1 — cos )

[
contain no time-variant elements and can be written in the
- AY -
form of Cartesian coordinates, such that A = (4%) and A% =
A%m AY
(Agw); w is the angular frequency of the fundamental wave; ¢,
Ao
and ¢, are time-independent phases of the fundamental and
SH waves, given by ¢, = kir and ¢, = kyr, respectively,
where k; and k, are the wave number of the fundamental wave
and SH wave, respectively. The Maxwell equations describing
the SHG in a nonmagnetic material containing no free charges
can be expressed as [15]

. IPE> 92P%
VE> — H0E0Erelative (@) 972 = Mo 3[3“ , (6)

where (i is the permeability of free space, and &rejative (@) 1S
the relative permittivity of the material. Substituting Eqs. (3)—
(5) in Eq. (6), the following equation can be obtained using
the slowly varying amplitude approximation:

- = - 2
dA*  midy(r)|A?] iA
= e, ()
dr noA

where n, is the refractive index of the material for the SH
wave, A is the SH wavelength, and Ag, is the phase dif-
ference caused by the different optical lengths, given by
Ay = 2015 — @201- Supposing that the crystal does not ab-
sorb both fundamental and SH waves, and very low optical
power is transferred from fundamental to SH wave (small-
signal approximation, expressed as |A"”(r)| = |A"°(0)|) [16],
the amplitude of fundamental wave |A®| is approximately
constant.

Without loss of generality, we investigated the rotatory
nonlinear optics from the optically rotatory cubic materials
belonging to classes 23 and 43m. Cubic crystals have isotropic
refractive indices for any polarization direction and any inci-
dent direction, which result in obvious optical rotation [17].
In addition, classes 23 and 43m were acentric structures.
Therefore, crystals belonging to classes 23 and 43m have both
obvious optical rotation (and Faraday rotation) and nonlin-
earity for nearly all incident conditions. With the notation
simplified by introducing a contracted matrix d;;, the matrix
of the second-order nonlinear optical coefficient for cubic
nonlinear crystals [18] can be represented as

00 0 dy 0 0
d=[o o o o a4 o0} (8)
00 0 0 0 dy
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FIG. 1. (a) Schematic of how a fundamental beam moves in a
rotatory crystal for SHG. (b) Schematic for the electric polarization at
the position r in the crystal P>*, P}, 13"2“’ (blue arrows). (c) Rotation
of the fundamental electric field from O to r and the incremental
SH electric field at r from r to L. The brown planes represent the
different positions in the crystal. The plane 0 (» = 0) is the incident
face. The plane L (r = L) is the exit face. The plane r is a certain
position between O and L, where the fundamental beam travels a
distance r from the incident face. The orange (larger) and green
(smaller) cylinders with arrowheads indicate the propagations of
the fundamental and SH beams, respectively. The twisted shadow
regions in red (dark gray) and green (light gray) schematically show
the rotations of the fundamental electric field £ and the incremental
SH wave generated at r. The arrows in red (black) and blue (dark
gray) indicate the directions of £ and ﬁf“’. The green (light gray)
arrows at planes r and L represent dE2*" and R,dE2*". Note that
E"”, ﬁf“), dﬁzw", and deﬁz“” are all functions of r.

Then, the effective nonlinear coefficient C_ieff(r) in cubic
crystals is shown as Egs. (A1)—(A4).

By solving Eq. (7) with the boundary condition of A%‘“ =
A%® = A3® = 0 at L = 0, the expression for the components

along the x-, y-, and z axes of A2® is obtained as follows:

o2
i (Ak—p)L _
A%‘” _ wi|A®| [ € e 1X1€ip2L
}12)» Ak — P2
i(Ak+pa)L
ét P2 1 e—iPZL
Ak + p
i(Ak=2p1+p2)L _ )

+ —6 X3e_l’02L

Ak —2p1 + o2
i (Ak+2p1—p2)L _ )

+ —X4€lp21‘
Ak +2p1 — p2
i(Ak—2p1—p)L

+ el P1—P2 1X56i;02L
Ak —2p1 — po

lI(Ak+2p1+p)L _ )

+ —X6e_"02Li|, 9)
Ak +2p1 4+ p2
- 2 .

; (Ak—p2)L __
A%“’ :m|A‘“| é o 1Y1eip2L
I’lz)\. Ak — 02
i(Ak+p2)L _
N e P2 lyzefisz
Ak + py
i(Ak—2p1+p2)L _

+ ez L1102 1y3e—iﬂ2L
Ak =2p1 + p2
i(Ak+2p1—p2)L __

N e L1—p: 1Y4eiﬂ2L
Ak +2p1 — p2
i(Ak—2p1—p2)L _

N é P1—P2 lyseiﬂzL
Ak —2p1 — o2

ei(Ak+2,01+p2)L -1 L

+— Yge ' ], (10)
Ak +2p1 4+ o2
N R

i (Ak=p2)L _
A%‘” _ TilA®| [ € 2 IZIeisz
nz)» Ak — P2
i(Ak+p2)L _
e P2 1Z28—i,02L
Ak + py
i(Ak—2p1+p2)L __

N el P1TP2 1236*1';0214

Ak —2p; + p2
el (Ak+2p1—p)L _ ool

+ —Z4e'"?
Ak+2p1—py
i(Ak—2p1—p)L

N e P1=P2 lzseiﬁzL
Ak =2p1 — p2

ei(Ak+2,01+,02)L -1 )

+ —Z6e_’sz], (11)
Ak +2p1 + p2

where Ak =2k —ky, X;, Y, and Z; (i =1, 2, 3, 4, 5, and
6) are functions of dj4, 6, and ¥, but are independent of
L, Ak, p;, and p; [see Eqs. (B1)—(B18)]. These equations
indicate that the general PM conditions in rotatory crystals are
Ak p=0,Ak £ 2p; — p2) =0,and Ak £ 2p; + p2) =
0, which is in line with the previous results from the theo-
retical analysis of the SHG along the z axis of a crystal of
class 32 [9]. The different values of X;, Y;, and Z; indicate
that the six PM conditions have different maximum gains.
Considering that only one condition can be existent and that
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the SH output under the PM condition is much greater than
the phase-mismatched output, the other five conditions can
be neglected if one condition is realized. According to the
relationship between the intensity and the electric field, I =
2nggcAA*, where n is the refractive index of the medium, &,
is the vacuum permittivity, and c is the speed of light, we can
obtain the relative intensity of the output SH radiation:

2 2 Akll‘ 2 * * *
I; o« I'sinc - L X X"+ YY" +ZZ), (12)

where [; is the intensity of fundamental wave, Ak;
takes the value of Ak—p,, Ak + p2, Ak—(2p1—p2), Ak +
(2p1=p2), Ak—=(2p1 + p2), and Ak + (2p1 + p2) correspond-
ing to i=1, 2, 3, 4, 5, and 6, respectively. If Ak; =
0, the maximum intensity is relatively given by Ijmax
L2L2 (XX + Y,Y* + Z:Z*). Therefore, if the fundamental
beam and SH beam have the same beam cross section, the
maximum conversion efficiency is

o 2
%A

—SLXXT Y 22, (13)
1712

Nimax =

where n; is the refractive index of the material for the funda-
mental wave.

In certain special cases, the values of X;, ¥;, and Z; can be
zero. The expressions of the PM condition for class 32 and
the corresponding X;, Y;, and Z; are calculated as shown in
Appendix C.

For the particular case as shown in Ref. [9] (class
32, 6 =0), it can be obtained that X; =X, = X3 =X, =
ON=Y=N=Y=0,Z=2=2y=24=2Z5s =Zg =
0, Xs = hidy e 2V, Xo = 1pid) €%V, Ys = 1pdie YV, and
Ys = —1hd; €%V . Therefore, the PM conditions are simplified
as Ak £ (2p1 + p2) = 0. In this case, the total intensity of
the output SH radiation without neglecting phase-mismatched
terms is given by

I o 1p{sinc* [Ak — (2p1 + p2)L/2]
+ sinc’[Ak + 2p1 + p2)L/2B LA}, (14)

These results shown above agree well with the results de-
scribed in Ref. [9].

The above analysis indicates that the presence of the rota-
tional angular velocity p provides an additional phase. The
angular velocity terms in the equation for the PM condi-
tions, Ap [Ap = *pz, £(2p1—-p2), or =+ (2p; + p2)] repre-
sent this type of phase difference between the fundamental
wave (or rather, electric polarization) and the SH wave. Here
we assume that the waves propagate in the z direction; the fun-
damental and generated SH waves in the crystal with optical
rotation can be described by

E® = A®(% cos p1z +  sin pyz)e @ —h3) (15)
E? = A% (% cos paz + § sin ppz)e 7R3 (16)

where A“ and A% are the amplitudes, and & and § are the unit
vectors along the x- and y axes, respectively. Equations (15)

and (16) can be written in exponential form as
= P —ilwr—(k Lo q0 —ilwi—(k
E® Z{Ewae flor—tki+p0zl zyA“’e ilot (1+p1)z]}

+ {%S.Awe—i[wt—(kl—m)z] _ %j}Awe_i[wl_(kl_Pl)Z]}’ (17)

2 15420 —i[20t—(ky+ 1 & A20  —i[20t—(ky+
E?® Z{ExA @ p=il20t —(ka+p2)z] + EyA © p—il20t—(k pz)zl}
+ {%fAZwe—i[Zwt—(kz—pz)Z] _ %S,AZwe—i[Zwt—(kz—Pz)Z]}.

(18)

We found two different phase velocities from Eqgs. (17)
and (18) according to w/(k; + p1) and w/(k; — p1) for E®,
and 2w/ (ks + p2) and 2w/(ky — py) for E**. The electric
polarization P can be described as

-

P = Pyeilot=tatpal pmilor—(kitp)z)
4 Byeitor=ta=p)3al p-ilot—(a—p)al
+ 13’3efi[wt7(k1+pl )Z]efi[a)tf(k] —p1)z)

— ﬁle—i[zwf—Z(kl-H)l)Z]
+ P’zefiIZwtfﬂk]*ﬂ])Z] +1‘)’367i(2wt72k11)’ (19)

where ﬁl, }32, and ﬁ3 represent the amplitudes in the directions
of the three electric polarizations with different phase veloci-
ties. Therefore, three different phase velocities in the electric
polarizations and two different phase velocities in the SH
field can form six pairs of phase velocity matching: 2w /2k; =
20/(ky — p2), 20/2k =20k + p2). 20/2(ki + p1) =
2w/(ky + p2), 2w/2(k — p1) =2w/(ky — p2), 2w/2(k +
p1) =2w/(ka — p2), and 2w/2(k; — p1) = 2w/(kz + p2),
corresponding to six PM conditions: Ak £ p, =0, Ak +
2p1 — p2) =0, and Ak £ (2p1 + p2) = 0O, respectively.

IV. QUASI-PHASE-MATCHING EMPLOYING
PANCHARATNAM-BERRY PHASES

Considering the PB topological phase generated during
the rotatory polarization, the polarization states can be de-
scribed with the Poincaré sphere, as shown in Fig. 2(a) [19],
where the north—south poles and the equator represent the
left-right circular polarization and the linear polarization on
the Poincaré sphere, respectively. The polarization plane of
the linearly polarized states rotates in an optically rotatory
crystal, corresponding to the state moving along the equator
of the Poincaré sphere. A PB phase would only appear when
the polarization state returns to the initial state, which equals
half of the solid angle spanning the Poincaré sphere [13]. The
generation conditions of the PB topological phase indicate
that the propagation of light with left- or right-handed circular
polarization cannot give rise to the PB topological phase, and
it is only when the polarization plane rotates by 180 ° in the
optically rotatory crystals, corresponding to a point along a
closed cycle around the equator on the Poincaré sphere, that
the additional phase of & would be generated immediately.

The phase difference between the electric polarization
wave and the SH wave is expressed as A = 2¢; — ¢, and
can be resolved by the phase difference caused by the different
optical lengths (Ag,;), rotation angles (A¢,,), and PB topo-
logical phases (Agpp). Here, Ag,; is defined as Akr, Ag,,
is present in the rotation and eventually expressed as Apr,
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FIG. 2. (a) Illustration of the Poincaré sphere. N/S is the north—
south pole; S;, S,, S; are Stokes parameters. The red line on the
equator represents the rotating polarization state in the crystals.
(b) Variation of Ag, + Ag,, and Agpp as a function of propagation
length r. The phases Ag,; + Ag,, (red) and Agpp (black) change by
7 when the waves propagate along intervals of the coherence length
L.. In this condition, Agpp can compensate for the phase difference
caused by the Ag, and Ag,, in SHG. The x axis is in units of L.,
where L, = m /(Ak + Ap). (c) Step function ¢pg. PB phase gpp shift
by m when the wave propagates along intervals of distance 7 /p in
the optical rotatory crystals. The x axis is in units of 7 /p. (d) Step
function exp(ig.pp ). The x axis is in units of 7 /p;.

and Agpp depends on the PB phase of both the fundamental
wave ¢ pp and the SH wave ¢,pp. As shown in Fig. 2(c),
opp increases by m as the waves propagate. The nonzero
sum of Ag, and Ag,, in the nonlinear frequency conversion
shifts by 7 when the waves propagate a coherence length of
L. = /(Ak + Ap), and this can periodically modulate the
energy conversion from the fundamental wave to the SH wave
with a period of w. In SHG, the double PB phase of the
fundamental wave is equivalent to zero (2¢;pg = 27), so that
the phase difference from the PB phases is only determined
by ¢opp, defined as Appg = ¢,pp. Therefore, a phase shift of
7, arising from the phase difference of the PB phase, appears
when the waves propagate a distance of 7 /p, in the crystal.
If the equation 7w /0, = 7 /(Ak + Ap) is satisfied, Agpp can
periodically compensate for the phase difference caused by
Agy and Ag,, in SHG. Thus, the phase condition for QPM,
Appg = Ay + Ay, is achieved. The changing phase of
Agpg and A, + Ag,, as a function of the propagation length
r is shown in Fig. 2(b).

Because the PB topological phase only appears with a
phase value of m or 0O, the phase difference Agpp can be
assumed to be ¢opg based on Bloch theory [20]. For the
integrity of rotatory nonlinear optical theory, the periodic step
functions of ¢;pp and p,pp should be discussed and expressed
as

)0, 2aL; <17 < Ra+ 1L
PIPB= N7 (a4 DL <r < (a+2)L;’

a=0,1,2 3... (20)

)0, 2al, <17 < QRa+ 1L,
PPB= Vg, (a+ DL <r < (2a+2)L,’

a=0,1,2,3... 21

where L and L,, defined as L} = 7 /p; and L, = 7 /p,, are
the propagation lengths in the crystal that allow for the gen-
eration of a PB phase of 7 in the fundamental and SH waves,
respectively, and a is a non-negative integer. If PB phases
are introduced, the phase terms in £ and E2* will have an
additional step function of ¢pp and @opp, Where ¢;pp and
¢pp are the added PB phases of the fundamental and SH
waves, respectively. Then, E°(r), E>*(r), and P2¢(r) become

Ei (r) — Kwe_i(Wf_klr+W1PB)’ (22)
Eé(r) — A’Zw’efi&wtszrﬂom)’ (23)
P2 (r) = eodeg (r)|A®|2e 2@t =hirtom) (24

Considering that the value of the step function ¢;pp dou-
bled is equivalent to zero, only ¢,pp is added to the phase of
the coupling wave equation, which can be expressed as

A& idg(r)|Ael’

ei(Akf-‘t-(ﬂzpe)' 25
dr noA 25)

The term exp(i ¢,pp) is a step function of length r, as shown
in Fig. 2(d). Using the Fourier transform to decompose the
right-hand side of Eq. (25) and considering only the odd mth-
order terms, a coupled-amplitude equation for SHG in rotatory
crystals is obtained as

> - - 2
dA* ds(P|A°]” 2 .
_ T 2 aigr 4y 434S,
dr noA mm
(26)

where the wave-vector mismatch for the mth-order QPM is
given by Akg = 2ki—ky, + mp;, mp, can be assumed as the
“grating wave vector” in QPM, and the sign of m depends on
that of Ak. By analyzing Egs. (7) and (26), the PM conditions
involving PB phases can be inferred as Akg 4= p» = 0, Akg £
(2p1—p2) =0, and Akg £ (201 + p2) = 0. Furthermore, the
analysis shows that p, plays a more important role in the
rotation QPM compared with p;, and 2p; is usually lower
than p,, considering the dispersion of optical rotation. If 20,
is much less than (m % 1)p,, meaning that it can be neglected,
the PM conditions can be simplified to Ak + (m £ 1)p, = 0.
Equations (9)—(11) then become

v wlAe)” 2 [ ellak+m-DplL _ .
Al =— oy %{ Ao D X1 4+X44+Xs5)e'
Pl Ak DpIL _ ,
+ Ak + (m+1)p, (o426 + Xé)e_lmL }’ @7
. ,
A%w/ = _T[Z? % { e:i(-:n;':f]i);zl (Y1 + Yy + Y5)eE

ei[Ak+(m+l)pz]L -1 L
+ Y+ Y3+ Yo)e ' }, (28)

Ak + py
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FIG. 3. Schematic of (a) rotatory power of cubic crystals (class
of 432 and 23), (b) rotatory power of birefringent crystals (class of
42m and mm2), (c) rotation QPM in cubic crystals, and (d) rotation
QPM in birefringent crystals. The gray (light gray) and blue (dark
gray) regions represent the rotatory power but are of opposite signs.
The partial deletion of spheres in (c) is plotted for the exhibition
of the inside. The red (outer) and purple (inner) spheres in (c) and
(d) represent the wave vector of 2k; and k,. Optical rotation can
contribute to the PM and connect the surface of 2k, and k,. The
intersection of 2k; 4+ (m £ 1)p, (purple and gray) and &, (red) in (d)
represents the PM orientation.

20 __
AY =

> 2 .
T|A® 2 et[Ak+(m—l),02]L_1 )
_miA { (Z\+Z4+Z5)e' "

noh mu | Ak+(m—1)p
ei[Ak+(m+l)p2]L -1 -
+ Zy+ 23+ Zs)e ' E (29
Ak+(m+1)p2(2 3+ Zeo) } (29)
Obviously, if there is no rotation in the nonlinear crystal,
that is, p; = p, = 0, Eqs. (27)—(29) agree exactly with the
results of the SHG without rotation. The above results of the
rotation QPM conditions for SHG cannot only be applied
to the groups 23 and 43m but also to all 20 acentric point
groups. The only difference among the different point groups
are the factors X;, Y;, and Z;, which result from the differ-
ent second-order susceptibility tensors. Correspondingly, the
relative intensity and conversion efficiency of the output SH
radiation, taking into account the PB phases, are given by

U 2 : 2 i AkiL 2 * * *
I, o< | —) Ii“sinc > L (Xa X7 + Yo Y[ +2Z,.77),
m
(30)

where Aki = Ak + (m + 1)[)2, and X+ = Xz +X3 + X@,
X =X1+Xu+Xs, Y =L+ +Y, Y_=V1+Ys+7Ys5,
Zy =Zr+Z5+Zs,and Z_ = Z) + Zy + Z5. If Aky =0, the
corresponding maximum conversion efficiency is
.
o= 2 e X vy Z.7%) 31
nimax—W(:ti+:ti+:ti- (31)
This analysis shows that the optical rotation of waves can
compensate for the phase mismatch in SHG. The QPM in the
rotatory crystals is shown schematically in Fig. 3. The PB and

(a) (b)

Output amplitude (arb. units)
A
Output amplitude (arb. units)

m=5
m=1 m-1=4 m=7
m+1=2 f m=3 s
M= m+1=6

6 8 10 12 14 16 2

7 (units of n/Ak)

o
N
IS

L2 (units of w/Ak)

FIG. 4. (a) Amplitude of the SH wave as a function of the prop-
agation length » under the 1-, 3-, and 5-order QPM conditions with a
wave-vector mismatch of Ak. (b) Amplitude of the SH waves under
propagation length L, = 2 / Ak, 47 / Ak, and 67 / Ak.

rotation phases can work together during QPM. Figures 3(a)
and 3(b) show two types of schematic rotatory power, and the
summation of 2k; and (m 4 1)p, could intersect with k,, as
shown in Figs. 3(c) and 3(d). Note that the optical rotatory
power of birefringent crystals is not a scalar, as shown in
Fig. 3(b). Therefore, the value of p is associated with gyration
tensor of the corresponding crystal. The contributions of the
PB phases and the rotation to the QPM were mp, and £p,,
respectively. They provide a function for filling the gap of
the wave-vector mismatch, Ak, for SHG. With a mismatched
wave vector, Ak, the amplitudes of the output SH waves for
the 1-, 3-, and 5-order QPMs are shown in Fig. 4(a) as a
function of r. If the period L, is sufficient, the other orders can
be neglected, and the curves can be approximately linear with
length 7 [see dotted line in Fig. 4(a)]. The conditions of m — 1
and m + 1 for the mth order have the same gain, although
the conditions m — 1 and m + 1 have different values of L,,
corresponding to a different p,. The conditions of m = 3 with
m+1=4 and m =5 with m — 1 = 4 have the same value
of L,, which means that the two conditions can be achieved
simultaneously. The summed output amplitudes for different
L, values are shown in Fig. 4(b).

According to the higher-order Poincaré sphere and the
higher-order PB phase for vectorial vortex beams [14], the
higher-order PB phase is given by ¢gpp = (£I + )¢ps,
where [ is the topological charge corresponding to the or-
bital angular momentum. Considering the angular momentum
conversion [21], the topological charge of the SH wave is
2[ for the case of the fundamental vortex with a topological
charge /. Therefore, the periodically added PB phases of the
fundamental and SH waves are expressed as (+! + /)7 and
(£21 4 I)m, respectively. The double higher-order PB phase
of the fundamental wave, 2(£/ 4 /), can also be reduced
to zero, and the higher-order PB phase, (£2/ 4 ), equals
7. Therefore, in SHG, the orbital angular momentum has no
modulation of the PM.

V. DISCUSSION

Table I provides a comparison of the natural rotatory power
and the phase mismatching in the orientation of the maximum
rotatory power for several optically active crystals. Unfor-
tunately, it is difficult to compensate for the typical phase
mismatch, although some crystals possess a large optical
rotatory power. To achieve rotation QPM, magneto-optical
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TABLE I. Phase mismatch and rotatory power of typical nonlinear or optical activity crystals.

Orientation of maximum

Phase mismatch in this Rotatory power

Crystal Point group rotatory power orientation @2w (°/mm) (°/mm) Ref.

CsLiB¢O;o (CLBO) 42m 0 =90°, 22 835.7@633 nm 19@633 nm [26,27]
Y =45°

KH,PO4 42m 0 =90°, 4792.8 @633 nm 7.42@633 nm [28,29]

(KDP) Y =45°

KTiOPO4 mm?2 0 =90°, 16 931.6@633 nm 20.5@633 nm [30,31]

(KTP) Yo=45°

La;GassNbysOy4 32 0 =0° 25 688@532 nm ~27@532 nm [32,33]

(LGN)

AgGaS, 42m 0 =90°, 97 086.3 @532 nm ~250@532 nm [34,35]

(AGS) Y =45°

CdSiP, 42m 0 =90°, 25331.8@800 nm ~155@800 nm [36,37]

(CSP) Yo=45°

ZnGeP, 42m 0 =90°, 28 241.5 @1064 nm ~68@1064 nm [36,38]

(ZGP) Yo=45°

Bi;,GeOy 23 Isotropy 12 0413 @532 nm ~35@532 nm [39,40]

(BGO)

materials with large Faraday rotations are required. It has
also been found that BizFes;0;, films show a high Faraday
rotation over 2 x 10* /mm at ~530nm under a magnetic
field of 120 mT [22], corresponding to length L, = 9 um for
the generation of a PB phase m. This is of the same order
of magnitude as the typical grating period of periodically
poled lithium niobate [23] and can compensate for the wave-
vector mismatch of ~4 x 10* /mm, ~8 x 10* /mm, and
~12 x 10* /mm corresponding to |m £ 1| =2, |m + 1| = 4,
|m &+ 1| = 6, respectively. In contrast to the periodic polar-
ization QPM, the length of the period in rotation QPM is
determined by the rotation velocity of the linear polarization
plane. Considering the dependence on the applied magnetic
field, the QPM conditions are more flexible for tunable
wavelength generation as compared to the traditional PM.
Associated with the Faraday rotation applied in optical and
quantum chips [24,25], the proposed QPM conditions could
give rise to nonlinear optics to further develop modern optics
on chips.

In conclusion, the QPM conditions in rotatory nonlinear
optics were theoretically presented, which indicated that PB
topological phases can be employed to compensate for mis-
matched phases in SHG. Compared with the previous work
[9], we do not only extend the PM results in this to general
cases, but also introduce the PB phases to QPM which should
be more flexible in further application. The possible QPM
conditions were then analyzed and calculated. It is believed
that the proposed QPM conditions in rotatory nonlinear optics
should be universal and could have promising applications
in modern optoelectronics and photonics, especially in chip
optics with Faraday rotation and nonlinear frequency conver-
sions.
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APPENDIX A: EFFECTIVE NONLINEAR COEFFICIENT IN CUBIC NONLINEAR CRYSTAL

degt (r) =

[desr ()]
[des (M1, |-
[dege (r )IE

(AL)

where [jeff(r)]l, [jeff(r)]z, and [Jeff(r)]3 represent the components of jeff(r) along the x-, y-, and z axes, respectively, given by

[Jeff(r)]l = d14( — sin o, sin B (cos 6 cos ¥ sin oy 4 cos oy sin ¥ )(cos 0(—3 + cos 2 ) sin oy + cos o Sin )

+ %cosaz sin B (16 cos ¥ (1 4+ cos 26 cos 2v) sin 2a; + ((—13 4+ 21 cos 2a;) cosf — 6cos395in2a1)sin1ﬂ

+2c0s6(3 + cos 2a; — 6cos 20sin’a; ) sin 39)),

(A2)
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[dee ()12 = dia (7 sin 0(cos ez (—3 cos 30 cos ¥ + cos O((—13 + 6 cos 2a; (3 + cos 26)) cos ¥
—2cos 3y (3 + cos2a; — 6cos 20sin2a1)) + 16(—1 4 cos 20 cos 2yr) sin 2¢; sin Yr)
+ 2sin o (16 cos Bcosyr sin 2a; + (—3 + 7 cos 2 ) sin ¥ + (1 4+ 3 cos ;) sin 3%
— 2cos 20sin’a; (S sin ¥ + sin 3¥)))),

[jeff(r)]3 = d14(25in29(—(—1 + cos arp) cos B cos Y — sin @ sin tp)(coszecos3lp sin 20
+ cos?a; cos Hcos>y sin ¥ + % sin a; sin ¥ (—cos*0(3 + cos 2y ) sin
+ 2 cos 0 cos 24 sin a;sin®6 + 4 cos a; cos Ysin®6 sin ¥)) — %sinze(cos Y sinap

— (cosay — 1) cos 8 sin ¥ )(4cos?yr sin 2c;sin0 sin ¥ + 4cos?6 sin 2a;sin’yr

+ cosB(((4 + cos260) cos ¥ — cos 26 cos 31//)sin2a1 —4cos w(coszal + sin’a; sin20)sin21p)) — i(cos29

+ cos ozzsinzé’)(S cos 0 cos 2 sin 2alsin29 + 80052051 cos Y sinyr + 00529(—5 + cos 2

+ 6cos 20sin’e; ) sin 21&)).

APPENDIX B: EXPRESSIONS OF X;, Y;, AND Z;

Xl — _ 2;_61-6114671'(494*3!/1)(621'9 _ 1)[_3 + 2€i9 + 3€2i9 _ 4e3i9 + 3€4i9 4 265i9 _ 3€6i9 _ 1283i9+2i1[/
_ 1065i9+2i1// _ 1263i9+4il// _ 10€5i9+4“// + 366i9+4i1// _ 3e4i9+6i1// + 265i9+6il// _ 382,[1// + 36?1” 4 366i1//
_ 1362i(9+1//') + 13€4i(9+1//) + 3e6i(9+¢) _ 1362i(29+l//) _ 362i(30+1/f) _ loei(9+21//) + 1362['(94*21[/)

_ 4e3i(9+21/f) _ 362i(9+311/) _ 1061’(6-&-41&) + 2ei(9+61/f)]

X, = — ﬁid14e‘i(40+3‘”)(e2i0 — 1)[=3 — 267 4 3620 4 4630 4 3640 _ 2650 _ 3510 4 123042
1 1050H2UY | 1030 | S0V | 3 604 _ 3 06 _ ) SiOH6iY _ 3,2 4 34 | 3,60
— 132 OHY) § [ 34OH) 4 3 6i0HY) _ 3,20Q000) _ 3, 2iB04Y) 4 (pi0+20) 4 13,2i(0+20)

F 43O _ 3 20+39) 4 10i0+4) _ ,i0+69)]

X3 — ﬁid1467i(40+3¢)(62i0 _ 1)[_3 _ 10659 _ 13@2i0 _ 1263i9 _ 1364[9 _ 1065i9 _ 366i0
_ 4e3i9+2i1// + 265i9+2i1// _ 4e3i9+4i1// + 2651'94-4[1// + 366i0+4i1/f + 13e4i6‘+6i1// _ 1065i9+6i1// _ 362i1//
4 3e4i1// + 3661'1/[ + 362i(9+1//) _ 3e4i(9+l//) + 3e6i(0+1//) + 362i(20+\//) _ 362i(39+1//) + Zei(9+21/f)
_ 362i(0+2l//) _ 12631‘(0-&-21#) + 13621‘(9-&-31#) 4 2ei(0+4l//) _ 10ei(9+6l//)]
X4 — iidl467i(49+31//)(62i9 _ 1)[_3 + loeig _ 1362i9 + 1263i9 _ 13€4i9 4 108559 _ 3€6i9
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_ 3€2i(9+21//) + 1283i(9+21/f) + 1362i(9+310) _ Zei(9+4l/f) + 10ei(9+61/f)]
XS — Sfiﬂidl4e—i(49+3l//)(e2i9 _ 1)[_1 _ 2€i6 4 eZiO 4 4e3i(9 4 e4i<9 _ 2€5i9 _ e6i9 _ 2063i9+2i1ﬁ
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4 665i0+2i1// +2063i9+4i1// + 665i9+4i¢ + 66i9+4i¢ _ e4i9+6i¢ + 265i9+6iw _ 621'1// + e4i¢ 4 eﬁil//
_ 1582i(9+1/1) + 1564i(9+1/f) + eéi(@-‘r‘//) _ 1562i(29+1ﬁ) _ eZi(39+lﬂ) + 6ei(9+21//) + ISeZi(0+21ﬁ) _ 4e3i(9+21ﬁ)

— QO3 g i0+40) 4 0 ,i0+6V)]

Yl — _ fléd14€_i<40+3W)(62i0 _ 1)[3 _ 26i0 _ 362i0 4 4e3i0 _ 3e4i0 _ zeSiO 4 366i0 _ 1263i9+2il//
_ 1065i0+2i1// + 1263i9+4i1/f + 1065i9+4i1// _ 386i0+4i1[/ _ 3e4i9+6i1// + 265i9+6il// _ 362i1//‘ _ 3e4i1// + 386i1/f
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Z4 — _ ﬁdl4672i(29+1ﬂ)(6219 _ 1)2[_3 + 4ei9 _ 232i0 + 4e3i9 _ 3e4i9 + 4e3ie+4i1//
4 364V 3HOFD) | 20F2) g gi0+4) ] (B16)
Zs = — 2§—6d14€_2i(29+w)(€2i9 _ 1)2[_1 _ 4ei9 _ 66219 _ 4e3i9 _ e4i9
_ 4e3i0+4i1// 4 e4i1// + e4i(0+1ﬂ) + 662i(9+21//) _ 4ei(9+4¢)]’ (B17)
Z6 — _ %d14€_2i(29+¢)(62i9 _ 1)2[_1 + 4819 _ 68219 + 4e3i9 _ e4i9
4 483i0+4i1/f 4 e4i\/f + e4i(0+1//) + 6e2i(9+21/f) + 4ei(9+4l//)]. (BIS)

APPENDIX C: RESULT FOR CRYSTALS BELONGING TO CLASS 32
A matrix of the second-order nonlinear optical coefficient for crystals belonging to point group 32, under the Kleinman
symmetry condition, is shown [18]:
dy —din 0 0 0 0
0 0 0 0 0 —dn]|. (CDH
0 0 0 0 O 0
Using the same derivation described above, the result of the complex amplitude of the output SH wave for the point group

32 is obtained. It has the same form of expression as in Egs. (9)—(11), but different values of X, ¥;, and Z;. X;, Y;, and Z; are
defined as

X = — ﬁid”e_“(”‘/’)(ez"G 1)2[1 — 262 4 MO 4 4Ry HOTOY 20 G S
T 6O | RIOHY) g iO+20) _ g 30+20) 4 HO+20) | g 2O0+3) _ 0 20+ _ 4,iO0+6Y)] (C2)
X, = — ﬁid”e*‘”(‘”‘”)(ez"g 1)2[1 — 262 4 MO 432y OO 20 i S
T 62 EHY) | 0D _ 4 JO0F20) | g MO+20) | AIO+20) | g 2N0H3Y) _ 204 | 4,06 +69)] (C3)
X; = fﬁidlle—éli((‘?-’—l/f)(eﬁ@ —12[1 + 4€® 4 6650 4 4630 4 N0 4 HOTOV _ 4304800 | 200y 6V | S 9 2i0+y)
4 QHQOHY)  HOF) _ o 2i0+30) | g 20+4Y) _ 4i(0+8)) (C4)
X, = #id”e““(“‘/’)(em Z12[1 — 46 4 6650 — 4636 4 (M0 4 HOTOV | 4 A0S | 200y i S 9 2i0+y)
[3pr] + HCOHY) | HOF2Y) _ 9 2O+30) | 6 200+40) 4 4,i0+89)] (C5)

X = S}—Zid“e_‘”(ﬁ'”[l 4 e 4 4620 — 4630 _ 10640 — 4650 1 4650 4 40710 4 o8O | 5630420

4 565Uy QTOHAY | 70 M6V _ 5 SiOH6i _ g TiOH6 | SiO+6I | g 3i0+8iY | 4 Si0+8i

1 4SO _ g TORSIY | iYL 6 L 8iY 4 @ 2i0+Y) | 0@ i+ | Si0+Y) | 7(),2i(20+1)

1 28HCIHY) | LMY 4 g i0+2)) _ 56 3i0+20) _ 1) 4O +20) | 98 2i0+3Y) | 4, 2i(6+40)

— BelOH6Y) _ 4,i0+8)] (C6)
Xs = ﬁid”e*‘“(e“”)[l — 46 1 40 1 4030 _ 10640 4 46510 4 4650 _ 470 4 GBI _ 56,310+2i0

— 56502 _ g TIOR2 | O MO | 56 SOOI | @ TIOHGY | SOOI _ g 3048 _ 4, SiO+8iY

L 4SOV g TIOBIY  200 o 60 | iU | @ 204U 4 98 6i0HY) | BiOHY) | 70),2i20+Y)

428GV | LMY _ g i0+20) 4 56 3iO0+20) _ 14 O+20) | 9@ 20i0+3Y) | 4,200 +40)

4 8 0H6V) | 41048V (€7)
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Y, = — Téﬁdlle’4[(9+W)(62i9 _ 1)2[_1 + 020 _ it _|_4e3i9+2m// _ Glio+6iy _I_ezn// _ SV _I_ew
+ 62iO+V) + p2i20+Y) + 4610 +2V) + 4310+29) + AOF2Y) g 20+3Y) 1 2i0+49) + 4ei(9+6x//)]’ (C8)
Yo = — ﬁd”e—mww)(ezie _ 1)2[_1 4220 _ MO _ g 30420 _ A6y 20 i Si
4 62O 2QOHY) _ 4 iO0F20) _ g 310420) 4 AiO+20) _ g 2i0+3Y) _ 9 2i0+4y) _ 4ei(9+6l/f)]’ (C9)
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YS — Ld”e—4i(9+l//)[_1 _ 46,[9 _ 46’2[0 + 4e3i9 + 10641'9 + 465['9 _ 4e6i9 _ 4e7i9 _ eSiG + 56e3i0+2i1//
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4 28e2GOHY) 4 20T | i+ | 56,30 420) _ (4 0+20) _ 0g 2iB+3Y) | g 2i(0+4)

+ 8lO+6V) _ 4i0+8¥)], (C12)
Yo = #d”e—4i(0+xp)[_l + 46 — 4620 _ 4630 1 106M0 — 4650 — 4650 4 46710 _ o8I0 _ 563i0+2W
_ 56510210 g Ti0H2Y ) 4061y 5 SO0y @ Ti0+6iy _ SiO+6iY _ g 30481y _ 4 ,5i0+8iy
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7, = ngdlle—i(49+3x//)(62i0 — 1)P[1 = 267 + &H0 OV 4 QRO 4 9,iO+0Y) (C15)
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[1] P. A. Franken, G. Weinreich, C. W. Peters, and A. E. Hill, Gen-
eration of Optical Harmonics, Phys. Rev. Lett. 7, 118 (1961).

[2] M. Bass, J. F. Ward, G. Weinreich, and P. A. Franken, Optical
Rectification, Phys. Rev. Lett. 9, 446 (1962).

[3] J. A. Giordmaine and R. C. Miller, Tunable Coherent Paramet-
ric Oscillation in LiNbOj at Optical Frequencies, Phys. Rev.
Lett. 14, 973 (1965).

[4] E. J. Woodbury and W. K. Ng, Ruby laser operation in near IR,
Proc. IRE 50, 2367 (1962).

[5] D. M. Lukin, C. Dory, M. A. Guidry, K. Y. Yang, S. D.
Mishra, R. Trivedi, M. Radulaski, S. Sun, D. Vercruysse, G.
H. Ahn, and J. Vuckovic, *H-silicon-carbide-on-insulator for
integrated quantum and nonlinear photonics, Nat. Photonics 14,
330 (2020).

023512-11


https://doi.org/10.1103/PhysRevLett.7.118
https://doi.org/10.1103/PhysRevLett.9.446
https://doi.org/10.1103/PhysRevLett.14.973
https://doi.org/10.1038/s41566-019-0556-6

CUL LIANG, LU, YU, AND ZHANG

PHYSICAL REVIEW A 105, 023512 (2022)

[6] C. Trovatello, A. Marini, X. Y. Xu, C. Lee, F. Liu, N. Curreli, C.
Manzoni, S. Dal Conte, K. Yao, A. Ciattoni, J. Hone, X. Y. Zhu,
P. J. Schuck, and G. Cerullo, Optical parametric amplification
by monolayer transition metal dichalcogenides, Nat. Photonics
15, 6 (2021).

[71J. A. Armstrong, N. Bloembergen, J. Ducuing, and P. S.
Pershan, Interactions between light waves in a nonlinear dielec-
tric, Phys. Rev. 127, 1918 (1962).

[8] Y. C. Wang, H. J. Zhang, H. H. Yu, Z. P. Wang, and J. Y. Wang,
Light propagation in an optically active plate with topological
charge, Appl. Phys. Lett. 101, 171114 (2012).

[9] H. Rabin and P. P. Bey, Phase matching in harmonic generation
employing optical rotatory dispersion, Phys. Rev. 156, 1010
(1967).

[10] S. C. Chen and 1. C. Khoo, Phase matching of second har-
monic generations in rotational crystals, Appl. Opt. 26, 186
(1987).

[11] S. Pancharatnam, Generalized theory of interference and its
applications, Proc. Ind. Acad. Sci. 44, 247 (1956).

[12] A. Tomita and R. Y. Chiao, Observation of Berry’s Topological
Phase by Use of an Optical Fiber, Phys. Rev. Lett. 57, 937
(1986).

[13] M. V. Berry, The adiabatic phase and Pancharatnam’s phase for
polarized light, J. Mod. Opt. 34, 1401 (1987).

[14] G. Milione, S. Evans, D. A. Nolan, and R. R. Alfano, Higher
order Pancharatnam-Berry Phase and the Angular Momentum
of Light, Phys. Rev. Lett. 108, 190401 (2012).

[15] P. X. Ye, Nonlinear Optical Physics (Peking University Press,
Peking, 2007).

[16] C.Li, Nonlinear Optics: Principles and Applications (Shanghai
Jiao Tong University Press, Shanghai, 2017).

[17] R. J. Lingard and A. R. Renshaw, Determining the sign of
optical rotation in linearly birefringent crystal sections, J. Appl.
Crystallogr. 27, 647 (1994).

[18] R. W. Boyd, Nonlinear Optics (Academic Press, Orlando,
2008).

[19] H. Poincare, Theorie Mathematique de la Lumiere (Gauthiers-
Villars, Paris, 1892), Vol. 2.

[20] K. Charles, Introduction to Solid State Physics (Wiley, New
York, 1996).

[21] Y. Chen, R. Ni, Y. D. Wu, L. Du, X. P. Hu, D. Z. Wei, Y. Zhang,
and S. N. Zhu, Phase-matching Controlled Orbital Angular Mo-
mentum Conversion in Periodically Poled Crystals, Phys. Rev.
Lett. 125, 143901 (2020).

[22] T. Korner, A. Heinrich, M. Weckerle, P. Roocks, and B.
Stritzker, Integration of magneto-optical active bismuth iron
garnet on nongarnet substrates, J. Appl. Phys. 103, 07B337
(2008).

[23] G. D. Miller, R. G. Batchko, W. M. Tulloch, D. R. Weise, M.
M. Fejer, and R. L. Byer, 42%-efficient single-pass cw second-
harmonic generation in periodically poled lithium niobate,
Opt. Lett. 22, 1834 (1997).

[24] L. Bi, J. Hu, P. Jiang, D. H. Kim, G. F. Dionne, L. C. Kimerling,
and C. A. Ross, On-chip optical isolation in monolithically
integrated non-reciprocal optical resonators, Nat. Photonics 5,
758 (2011).

[25] K. Shui, L. Nie, Y. Zhang, B. Peng, J. Xie, L. Deng, and L.
Bi, Design of a compact waveguide optical isolator based on
multimode interferometers using magneto-optical oxide thin

films grown on silicon-on-insulator substrates, Opt. Express 24,
12856 (2016).

[26] G. Ryu, C. S. Yoon, T. P. J. Han, and H. G. Gallagher, Growth
and characterisation of CsLiB¢O,y (CLBO) crystals, J. Cryst.
Growth 191, 492 (1998).

[27] J. Herreros-Cedres, C. Hernandez-Rodriguez, and W.
Kaminsky, Absolute optical rotation of CsLiB¢O,, J. Appl.
Crystallogr. 38, 544 (2005).

[28] Y. Shopa, L. Lutsiv-Shumskiy, and R. Serkiz, Optical ac-
tivity of the KDP group crystals, Ferroelectrics 317, 271
(2005).

[29] S. J. Zhu, S. L. Wang, L. Liu, D. L. Wang, W. D. Li, P. P.
Huang, and X. G. Xu, Refractive index homogeneity of large
scale potassium dihydrogen phosphate crystal, Acta Phys. Sin.
63, 107701 (2014).

[30] K. Kato and E. Takaoka, Sellmeier and thermo-optic dispersion
formulas for KTP, Appl. Opt. 41, 5040 (2002).

[31] C. Hernandez-Rodriguez, A. B. Fragoso-Lopez, J. Herreros-
Cedres, and R. Guerrero-Lemus, Temperature-dependent op-
tical rotatory power in the presence of birefringence of KTA
and KTP crystals by the high-accuracy universal polarimeter
method at 632.8 nm wavelength, J. Appl. Crystallogr. 47, 566
(2014).

[32] J. Bohm, R. B. Heimann, M. Hengst, R. Roewer, and
J. Schindler, Czochralski growth
of piezoelectric single crystals with langasite structure:
La3Ga5SiO|4 (LGS), La3Ga5_5Nb0_5014 (LGN), and
La;GassTag5014 (LGT): Part I, J. Cryst. Growth 204, 128
(1999).

[33] F. Guo, D. Z. Lu, P. Segonds, J. Debray, H. H. Yu, H. J. Zhang,
J. Y. Wang, and B. Boulanger, Phase-matching properties and
refined Sellmeier equations of La;GassNbgysO.4, Opt. Mater.
Express 8, 858 (2018).

[34] J. Etxebarria, C. L. Folcia, and J. Ortega, Origin of the opti-
cal activity of silver thiogallate, J. Appl. Crystallogr. 33, 126
(2000).

[35] K. Kato, T. Okamoto, S. Grechin, and N. Umemura, New
Sellmeier and thermo-optic dispersion formulas for AgGaS,,
Crystals 9, 129 (2019).

[36] S. Marcinkevicius, G. Babonas, B. V. Korzun, and I. G. Tregub,
Optical activity of semiconductors with chalcopyrite structure,
Phys. Status Solidi B 135, 615 (1986).

[37] J. Wei, J. M. Murray, F. K. Hopkins, D. M. Krein, K. T.
Zawilski, P. G. Schunemann, and S. Guha, Measurement of
refractive indices of CdSiP, at temperatures from 90 to 450 K,
Opt. Mater. Express 8, 235 (2018).

[38] D. E. Zelmon, E. A. Hanning, and P. G. Schunemann,
Refractive-index measurements and Sellmeier coefficients for
zinc germanium phosphide from 2 to 9 um with implications
for phase matching in optical frequency-conversion devices,
J. Opt. Soc. Am. B 18, 1307 (2001).

[39] M. Simon, F. Mersch, C. Kuper, S. Mendricks, S. Wevering, J.
Imbrock, and E. Kratzig, Refractive indices of photorefractive
bismuth titanate, barium-calcium titanate, bismuth germanium
oxide, and lead germanate, Phys. Status Solidi A 159, 559
(1997).

[40] N. C. Deliolanis, E. D. Vanidhis, and N. A. Vainos, Dispersion
of electrogyration in sillenite crystals, Appl. Phys. B 85, 591
(2006).

and characterization

023512-12


https://doi.org/10.1038/s41566-020-00728-0
https://doi.org/10.1103/PhysRev.127.1918
https://doi.org/10.1063/1.4764546
https://doi.org/10.1103/PhysRev.156.1010
https://doi.org/10.1364/AO.26.000186
https://doi.org/10.1007/BF03046050
https://doi.org/10.1103/PhysRevLett.57.937
https://doi.org/10.1080/09500348714551321
https://doi.org/10.1103/PhysRevLett.108.190401
https://doi.org/10.1107/S0021889894002475
https://doi.org/10.1103/PhysRevLett.125.143901
https://doi.org/10.1063/1.2838773
https://doi.org/10.1364/OL.22.001834
https://doi.org/10.1038/nphoton.2011.270
https://doi.org/10.1364/OE.24.012856
https://doi.org/10.1016/S0022-0248(98)00244-9
https://doi.org/10.1107/S0021889805009908
https://doi.org/10.1080/00150190590963480
https://doi.org/10.7498/aps.63.107701
https://doi.org/10.1364/AO.41.005040
https://doi.org/10.1107/S1600576714000454
https://doi.org/10.1016/S0022-0248(99)00186-4
https://doi.org/10.1364/OME.8.000858
https://doi.org/10.1107/S0021889899014168
https://doi.org/10.3390/cryst9030129
https://doi.org/10.1002/pssb.2221350220
https://doi.org/10.1364/OME.8.000235
https://doi.org/10.1364/JOSAB.18.001307
https://doi.org/10.1002/1521-396X(199702)159:2<559::AID-PSSA559>3.0.CO;2-0
https://doi.org/10.1007/s00340-006-2437-1

