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Stimulated Raman scattering in lithium formate monohydrate crystals
at temperatures from 2 to 300 K
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Stimulated Raman scattering in x-, y-, and z-cut lithium formate monohydrate (LiHCOO H20)
crystals was studied in a resonator configuration with use of a g-switched ruby laser. The tempera-
ture dependence of the stimulated Raman threshold intensity was measured from 2 to 300 K for
different polarizations of the laser light. Stimulated Raman scattering from the 79-cm '

yy A, (z)
mode, the 104- or 1372-cm ' zz A&(z) modes, the 76-cm '

A2 mode, or the 82-, 113-, or 163-cm

B,(x) modes was observed, depending on the propagation direction in the crystal, the polarization
of the laser light, and the temperature. The results of stimulated Raman scattering are discussed us-

ing the measured temperature-dependent spontaneous Raman data from the same lattice modes.
Steady-state and transient theories of stimulated Raman scattering for a broadband pump laser
(ruby-laser linewidth 0.7 cm ) are applied to explain the experimental results.

I. INTRODUCTION

Lithium form ate monohydrate is a solution-grown
crystal' with many interesting properties. It is
piezoelectric' and pyroelectric and has high values of the
electro-optic' and strain-optic coeScients. The crystal
has highly nonlinear optical properties. It has been used
for second-harmonic, ' third-harmonic, and fourth-
harmonic ' generation from the ir to the uv spectral re-
gion (up to 230 nm) and for frequency mixing. ' ' Opti-
cal phase conjugation has been studied using the lithium
forrnate monohydrate crystal as a degenerate optical
parametric amplifier. " Spontaneous Raman scat ter-
ing' ' and polariton scattering' ' have been investigat-
ed mainly at room temperature. Galzerani et al. ' have
presented detailed spontaneous Raman measurements for
different laser light polarizations and propagation direc-
tions in the crystal at 297, 90, and 4.2 K. The spectral
resolution was not sulcient to allow the determination of
the spontaneous Raman linewidths below room tempera-
ture. Parametric scattering' and coherent anti-Stokes
Raman scattering' have been observed for a few selected
phonon modes. Lithium formate monohydrate is an in-

teresting crystal also for stimulated Raman scattering be-
cause large crystals of good optical quality can be easily
grown from solution and because it has a high threshold
intensity for optical damage exceeding by far 500
MW/cm .

In this paper we present investigations of stimulated
Raman scattering (SRS) in lithium formate monohydrate
single crystals. The methods of growth and preparation
of the crystals and their optical properties are described
in Sec. II. The experiments were carried out with a Q-
switched ruby laser with a linewidth of 0.7 cm . The re-
sults of steady-state and transient theories of stimulated

Raman scattering for a broadband pump laser are shortly
reviewed in Sec. III. After a description of the apparatus
in Sec. IV, the experimental results on stimulated Raman
scattering in a resonator configuration are presented and
discussed in Sec. V. The threshold intensity of stimulated
Raman scattering was investigated as a function of tem-
perature from room temperature to 2 K for different
propagation directions in the lithium formate monohy-
drate crystal and different polarizations of the laser light.
In addition, the spontaneous widths and intensities of
those Rarnan lines, which were observed in SRS, were
measured as a function of temperature. ' The theoretical
relations between the threshold intensity for SRS and the
spontaneous Raman data presented in Sec. III are used
for a discussion of the experimental results.

II. GRO%'TH, PREPARATION, AND PROPERTIES
OF LITHIUM FORMATK

MONOHYDRATE CRYSTALS

Lithium formate monohydrate is known to crystallize
in the orthorhombic system [crystal class mm2 (C2, ),
space group Pbn2, (Cz, )] with four molecules in the unit

cell. ' Single crystals of high optical quality and dimen-
sions of about 20X20X50 mm were grown from an

aqueous solution by slow surface evaporation at constant
temperature (42 C) in a temperature-controlled con-
tainer. The crystals were cut with a thread saw so that
their faces were normal to the crystallographic axes. The
crystal faces were polished with diamond paste on a
lead-tin plate. Since lithium formate rnonohydrate is hy-

groscopic and tends to dehydrate, the crystals were

kept in a box with relative humidity between 40% and
60%%uo.

Lithium forrnate monohydrate is essentially transpar-
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with xxWyyAzzWxx and xy =yx, xz =zx,yz =zy. All
modes are Raman active and the A, (z), B,(x), and B2(y)
modes are also simultaneously infrared active with elec-
tric dipole moments in the z, x, and y directions, respec-
tively. '

There have been several investigations of spontaneous
Raman scattering in lithium formate monohydrate. '

However, the existing data are not sufficient for the dis-
cussion of our measurements of SRS, because the spon-
taneous Raman linewidths have not yet been determined.
Therefore, we have also investigated spontaneous Raman
scattering of those Raman modes which were observed in
SRS, as a function of temperature. The results will be
presented in detail in a forthcoming paper. '

III. RELATION BETW'EEN THE STIMULATED
RAMAN THRESHOLD INTENSITY

AND THE SPONTANEOUS RAMAN DATA

For a comparison of the results of stimulated Raman
scattering with the spontaneous Raman data, two
different cases are distinguished: pumping with mono-
chromatic or broadband laser pulses.

For a monochromatic laser line the situation is simple.
The threshold intensity I,h of SRS depends on the inverse
of the Raman gain factor g, which is related to the in-
tegrated scattering cross section do. /dfL and the spon-
taneous Raman linewidth 5v„. It can be shown that the
threshold intensity is given by

1 1
cc —cx (X

g do/d& (d~a/dcvdQ)p
(3)

where (d o /dao d Q)p is the peak scattering cross section
in the center of the spontaneous Raman line. This equa-
tion shows that the threshold intensity is low for strong
and narrow spontaneous Raman lines.

The situation is more complicated for a broadband

ent from 0.25 to about 1.2 pm. It is negative biaxial
birefringent with the principal axes x, y, and z parallel to
the crystallographic axes a, b, and c, respectively. The
threshold intensity for optical damage of the surfaces of
our crystals was measured with a Q-switched ruby laser
( A, L

=694.3 nm, linewidth 0.7 cm ') to be about 2
QW/cm . This value is very high as compared with oth-
er materials used for SRS, e.g. , LiNb03, which is yet
damaged in the bulk with a threshold of about 500
MW/cm2.

According to Loudon ' the polarizability tensors c for
the orthorhombic mm2 (C2„) point group of lithium for-
mate monohydrate are given by

which determines the effective Raman gain. The quantity

1 1p= +
UL Vg

(5)

depends on the difference (forward scattering) or sum
(backward scattering) of the group velocities, vL and vs,
of the laser and Stokes light. It is determined by the
dispersion of the refractive index of lithium formate
monohydrate. When the laser intensity IJ is much larger
than the critical intensity I„the Raman gain is approxi-
mately equal to the monochromatic laser line case. For
IL ~I„the effective Raman gain is reduced and depends
on the laser and spontaneous Raman linewidths.

Since we use a Raman resonator we have to consider
separately the forward and backward direction, which
have different critical intensities [see Eqs. (4) and (5)].
The problem in calculating the critical intensities is that
the gain factors g are not known for the different Raman
modes of lithium formate monohydr ate. It is very
difficult to determine g from the measurements of the
threshold intensity I,h of SRS because the value of I,h de-

pends on I„for forward and backward scattering. If we
assume that the gain factors of the investigated Raman
modes are in the range 10 &g &10 cm/MW and if
we use the refractive index data of lithium formate
monohydrate we estimate for the B,(x) modes critical
intensities 34 &I,", & 340 MW/cm for forward scattering
and 560&I„"&5600 MW/cm for backward scattering.
The critical intensities for forward scattering of the other
Raman modes may be lower than that of the B,(x) modes
because of the smaller differences in the refractive in-
dices; however, the actual values depend on the individu-
al Raman gain factors. From a comparison of the es-
timated critical intensities I„with the threshold intensi-
ties I,h measured in Sec. V, it is concluded that for for-
ward scattering from most of the investigated lattice
modes the threshold intensities I,h are probably larger
than the critical intensities I„,i.e., nearly the full Raman
gain is available. For backward scattering, in general,
Ith I„",therefore the Raman gain is reduced. It should
be noted that for stationary SRS Eq. (3) is also valid for
broadband laser lines.

There is an additional complication which has to be
taken into account. SRS may be transient or quasista-
tionary depending on the product of the Ram an
linewidth 5~& =2mc 5vz and the laser pulse duration TL.
When 5'„TL ~gILl, then quasistationary SRS is ob-
served. IL and I are the laser intensity and the length of
the Raman medium, respectively. The threshold intensi-
ty I,h is then determined by the peak scattering cross sec-
tion (d o /dc@ dQ)z [see Eq. (3)]. When the spontaneous
Raman linewidth is very narrow, i.e., 5'~ TL ~ gIL l,

laser line in a dispersive medium. In this case, it has been
shown that the Raman gain may depend on the
spontaneous Raman linewidth 5vz and the laser
linewidth 5vL. A critical laser intensity I,„has been in-
troduced,

I„=45v L~p~c/(ng),
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IV. EXPERIMENT

Stimulated Raman scattering in lithium formate
monohydrate was excited by a Q-switched ruby laser.
The light pulses had a duration of about 25 ns, an energy
up to 1 J, a divergence of about 10 mrad, and a linewidth
of 0.7 cm '. The laser light was linearly polarized. The
experimental setup is shown schematically in Fig. 1. The
laser power was attenuated by filters F and registered by
a fast photodiode PD1. The laser light was focused with
lens Ll (focal length f, =40 cm) into the lithium formate
monohydrate crystal CR which was mounted on the cold
finger of a Aowing gas-helium cryostat or in a liquid-
helium bath cryostat. At the lowest temperature the
crystal was immersed in superAuid helium. The laser
light transmitted through the crystal was detected with
photodiode PD2. x-, y-, and z-cut crystals with different
lengths (13—23 mm) were used in the experiments. Their
surfaces were polished as described in Sec. II and formed
an angle of about 1'. One of the y-cut crystals was po1-
ished by Gsanger Optical Components (Planegg/Munich,
Germany) with a flatness of A, /50 and an angle of less
than 2" between the surfaces.

The crystal CR was placed inside an external resonator
with a length of 40 cm (see Fig. 1). The angle a between
the resonator axis and the ruby-laser beam was about 1'.
Mirrors M1 and M2 of the resonator had a reAectivity of

POA

PD2
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I I I LaSer
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KDL2

transient SRS occurs with a smaller Raman gain and a
higher threshold intensity than in the steady-state case.
It has been shown, that for transient SRS the threshold
intensity I,h is given in a good approximation by

I„o: cc
1 1

(g5vg )' (dcT/dn)'

It is interesting to note that in this case the threshold in-
tensity depends on the integrated scattering cross section,
but is independent of the spontaneous Raman linewidth.

about 98% at the ruby laser frequency and at the Stokes
frequencies with shifts &200 cm '. The reAectivity for
the Stokes light shifted by 1372 cm ' was 67%. M1 was
a Oat mirror, M2 had a radius of curvature of 10 m. The
Raman Stokes light transmitted through mirror M2 was
focused with lens L2 on a ground-glass plate G in front of
the entrance slit of a 60-cm grating monochromator M
(see Fig. 1). The Stokes light was detected by a photo-
diode array PDA in the exit plane of the monochroma-
tor. The photodiode array was connected with a tran-
sient recorder. The polarization of the Stokes light could
be analyzed by polarizer P.

We define the threshold intensity I,h for SRS as the
laser intensity when the Raman-Stokes intensity becomes
detectable by the photodiode array. I,h was calculated
from the measured laser power and beam diameter (about
1 mm) in the crystal assuming Gaussian intensity distri-
butions both over the cross section and as a function of
time.

Spontaneous Raman scattering was excited by a
single-mode Ar laser (linewidth 0.001 cm ', power 0.5
W) using appropriate scattering geometries and oriented
single crystals of lithium formate monohydrate to mea-
sure the different lattice modes of interest. The crystal,
between thin indium films, was pressed via springs to the
cold flange of a closed-cycle cryostat (lowest achieved
sample temperature 11 K). The Raman light was investi-
gated with high spectral resolution S„using a convention-
al triple monochromator (S„'=0.5 cm ') in tandem
with a standard pressure scanned Fabry-Perot inter-
ferometer (S„" 0.01 cm '). This idea —to improve the
resolution by combining a conventional Raman spectro-
graph with an interferometer —goes back to Pine and
Tannenwald; meanwhile modified and reinvented by
others in the last 20 years. After photoelectric registra-
tion the signal was stored in a multichannel analyzer and
transferred to a computer.

Each Raman mode was measured several times at each
temperature. The stability of the interferometer was con-
trolled after each measurement. The spontaneous Raman
linewidth was determined by deconvolution of the experi-
mental Raman profiles assuming an airy function as the
spectral apparatus function and a Lorentzian function for
the Raman line shape. The frequency-integrated spon-
taneous Raman intensities were determined with the
monochromator with large slit widths (without Fabry-
Perot interferometer). The values of the frequency shifts
of the spontaneous Raman lines given in this paper were
measured at room temperature against calibration lines
with an accuracy of about 0.5 cm '. For more details we
refer to a forthcoming paper. '

9
Q
P PT V. EXPERIMENTAL RESULTS AND DISCUSSION

FIG. 1. Experimental setup for the excitation and detection
of stimulated Raman scattering in a lithium formate monohy-
drate crystal: F, filters; L1,L2, lenses; PD1,PD2, photodiodes;
CR, crystal; M1,M2, mirrors of the Raman resonator; P, polar-
izer; G, ground-glass plate; M, monochromator; PDA, photo-
diode array; S, beam stop; PT, paper tube.

We measured the threshold intensities I,„ for SRS and
the widths and intensities of the corresponding spontane-
ous Raman lines as a function of temperature for
different propagation directions in the crystal and for
different polarizations of the laser light. It should be not-
ed that the measured absolute values of the threshold in-
tensities and the competition between stimulated Raman
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scattering of the different lattice modes, which are dis-
cussed in the following sections, do not only depend on
the spontaneous Raman data but also on our particular
experimental conditions, e.g., the refiectivities of the Ra-
man resonator mirrors at the different Stokes frequencies,
the linewidth of the ruby-laser pump pulse, the parallel-
ism and quality of the crystal surfaces, the adjustment of
the Raman resonator, etc.

A. x direction

In this case, the entrance and exit surfaces of the crys-
tal were perpendicular to the x direction, which was
parallel to the direction of the axis of the resonator for
SRS (see Fig. 1). The ruby-laser light propagated in the
xy or xz plane with its k vector forming a small angle a
(about 1') with the x direction.

1. z polarized laser light

For linearly z polarized ruby-laser light the generated
Raman Stokes light was found to be polarized in the
same direction. According to Eq. (1), this corresponds to
Raman scattering from A& modes. In the notation of
Porto ' the scattering geometry is designated by x (zz)x.
In Ref. 15 the slight deviation of the propagation direc-
tion of the laser light from the x direction towards the y
direction is characterized by adding a term by, yielding
[x + b,y](zz)x.

Figure 2(a) shows the measured threshold intensities
I,h for SRS with the resonator (solid squares and trian-
gles) as a function of temperature T. The accuracy of the
absolute values of the threshold intensities is about
+30%. The relative error of the measured temperature
dependence of the threshold intensities is about +10%
(see error bars in the figures). The solid lines have been
calculated from the measured spontaneous Raman data
in the following way. The peak intensity Io in the center
of the spontaneous Raman line was determined at various
temperatures from the ratio of the frequency-integrated
intensity I,'„, to the linewidth 5vz. It was assumed that
the peak intensity Io" is proportional to the peak scatter-
ing cross section (d o/dcodfl)~, the inverse of which
determines the threshold intensity of SRS [see Eq. (3)].
The experimentally determined values of the inverse
1/Io of the spontaneous peak intensity at various tern-

peratures were interpolated by a continuous curve, which
is shown in the figures. Since the proportionality factor
in Eq. (3) is not known, the curve was fitted at one
definite temperature to the corresponding threshold in-
tensity I,h of SRS for every Raman mode.

The procedure of calculating the threshold intensity of
SRS from the spontaneous Raman data is illustrated for
the 104-cm ' zz 3, mode. The measured spontaneous
Raman linewidth 5v~ (solid triangles) and the
frequency-integrated spontaneous Raman intensity I;'„,
(open triangles) are plotted versus temperature T in Fig.
3. The Raman linewidth 6v„ increases from 0.073 cm
at 10 K to 0.2 cm ' at 40 K (scale on the left-hand side
of Fig. 3). There is also an increase of the spontaneous

Raman intensity I,'„, (scale on the right-hand side) with
rising temperature because of the increasing population
of the phonon mode. The peak intensity Io of spontane-
ous Raman scattering is obtained by dividing the in-
tegrated spontaneous intensity I;'„, by the spontaneous
linewidth 5v~.

Stimulated Raman scattering from the 104-cm
zz A, mode was observed for temperatures below 40 K.
In this temperature range the integrated spontaneous Ra-
man intensity I', ~, is nearly constant. Therefore, the tem-
perature dependence of the inverse 1/Io of the spontane-
ous peak intensity and of the threshold intensity I,h of
SRS is determined by the temperature dependence of the
spontaneous Raman linewidth 57+ [see Eq. (3)]. A com-
parison between the threshold intensities I,h for SRS
[solid triangles in Fig. 2(a)] and the inverse of the spon-
taneous peak intensity, 1/Iot' (solid line), shows that the
temperature dependence of I,h for this mode is described
very well by the spontaneous Raman peak intensity
1/Iot'. The good agreement is expected because the spon-
taneous Raman linewidths (see Fig. 3) are small com-
pared with the laser linewidth over the investigated tem-
perature range, but large enough for quasistationary SRS.

At temperatures above 40 K the threshold intensity I,h

for SRS from the zz A] mode with a frequency shift of
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FIG. 2. Raman threshold intensity I,h vs temperature T. (a)

[x +Ay](zz)x configuration. The solid squares and triangles
correspond to stimulated Raman scattering with resonator from
the 1372- and 104-cm ' zz A, modes, respectively. The open
squares represent stimulated Raman scattering without resona-
tor from the 1372-cm ' zz A, mode. (b) [x + b,z](yy )x
configuration. The solid circles correspond to the 79-cm

yy A, mode. The solid lines are proportional to the inverse of
the peak intensities in the center of the spontaneous Raman
lines.
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FIG. 3. Spontaneous Raman data of the 104-cm ' zz A&

mode. Spontaneous Raman linewidth 5v& (solid triangles, scale
on the left-hand side) and frequency-integrated spontaneous Ra-
man intensity I',„, (open triangles, scale on the right-hand side)
vs temperature T.

1372 cm ' [solid squares in Fig. 2(a)] is lower than that
of the 104-cm 'zz A, mode. The threshold intensity of
the 1372-cm ' mode decreases with decreasing tempera-
ture down to about 150 K and remains constant within
the experimental accuracy at lower temperatures. There
are deviations between the experimental points and the
calculated curve. At low temperatures the spontaneous
Raman data (solid line) are below the stimulated Raman
results (solid squares).

For an explanation of this discrepancy we measured
the threshold intensity for SRS from the 1372-cm
mode also without the Raman resonator. The data are
shown as open squares in Fig. 2(a). At temperatures
below 150 K the threshold intensities with and without
the resonator are equal within the experimental accuracy.
For T & 150 K the threshold intensities with the Raman
resonator are lower than that without a resonator. In
this temperature range the spontaneous Raman linewidth
5v& of the 1372-cm ' zz A, mode is larger than 2

cm ', ' i.e., large compared to the laser linewidth
5vt ——0.7 cm '. Therefore, the full steady-state gain is

expected to occur both in the forward and backward
direction. ' The feedback of the Raman resonator is
effective and leads to the lower threshold intensities (solid
squares). At temperatures below 150 K the spontaneous
Raman linewidth 6v„approaches a value of 0.9 cm
which is close to the laser linewidth 6vL. In this case, the
critical intensities I,„have to be considered. The critical
intensity I„" for backward Raman scattering is rather
high (see Sec. III). Therefore, the laser intensity I~ may
not exceed I„", yielding a reduced gain factor in the
backward direction. Since the reflectivity of the resona-
tor mirrors is not high (67%) for the 1372-cm line, a
small backward Raman gain reduces the feedback effect
of the resonator mirrors strongly, leading to about equal
threshold intensities for SRS with and without resonator.

The missing feedback below 150 K also explains the
discrepancy at these temperatures between the measured
threshold intensities for the 1372-cm ' mode and the
solid line calculated from the spontaneous Raman data.

2. y polarized laser light

We have also carried out experiments with the laser
light polarized in the y direction (propagating close to the
x direction). SRS was obtained from the yy A, mode
with a frequency of about 79 cm ' (geometry
[x +hz](yy)x ), but only below 40 K. The threshold in-

tensity first decreases steeply with decreasing tempera-
ture and then remains constant [solid circles in Fig. 2(b)].
The solid line calculated from the spontaneous peak in-
tensity Io shows also a steep decrease with temperature
T. However, it reaches much lower values than the solid
circles obtained from SRS. We have measured also the
threshold intensities without the Raman resonator and
found that they are higher than those with resonator all
over the investigated temperature range. For an ex-
planation of the discrepancy between the calculated solid
line and the experimental points it should be noted that
the spontaneous Raman linewidth 5v~ of the 79-cm

yy A, mode is less than 0.01 cm ' at temperatures below
15 K, which is of the order of our spectral resolution. '

For such narrow Raman linewidths SRS may already be
transient, leading to a reduced Raman gain factor and a
larger threshold intensity than that predicted by the
steady-state theory.

For temperatures between 40 and 80 K stimulated Ra-
man scattering from the 1375-cm '

yy A
&

mode was ob-
served. Since the Raman threshold intensities were close
to the damage threshold intensity we have obtained only
a few data points which are not shown in Fig. 2(b).

B. y direction

In this case, the axis of the Raman resonator was
parallel to the y direction of the lithium formate monohy-
drate crystal. The propagation directions of the Stokes
and laser light were close to the y direction.

1. x polarized laser light

In the investigated temperature range SRS was ob-
served only from B, modes ([y+bz](xz)y geometry).
From 130 to 50 K the 163-cm '

8& mode was dominant
[solid diamonds in Fig. 4(a)]. In the spontaneous Raman
spectrum' this mode consists of two lines, which overlap
strongly all over the investigated temperature range. In
Fig. 4(a) we plotted the inverse of the spontaneous peak
intensity Io" at the frequency of the peak of the stronger
of both Raman lines as solid line (1). There is good agree-
ment with the experimental points (solid diamonds) for
SRS.

Between 50 and 25 K stimulated Raman scattering was
observed from the 113-cm ' 8, mode. The spontaneous
Raman data of this mode are presented in Fig. 5. As ex-
pected, the spontaneous Raman linewidth 5vz (solid cir-
cles, scale on the left-hand side) and the frequency-
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FIG. 4. Raman threshold intensity I,& vs temperature T. (a)
The solid diamonds represent the 163-cm ' B, mode and the
open and crossed circles the 113- and 82-cm ' B] modes, re-
spectively ([y+bz](xzly configuration). (b) The solid squares
correspond to the 1372-cm ' zz A, mode ([y+hx](zz)y
con6guration) and the open and crossed circles to the 113- and
82-cm ' 8, modes, respectively ([y+hx](zx)y configuration).
The solid lines are proportional to the inverse of the peak inten-
sities in the center of the spontaneous Raman lines.
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FIG. 5. Spontaneous Raman data of the 113-cm ' B, mode.
Spontaneous Raman linewidth 5v& {solid circles, scale on the
left-hand side) and frequency-integrated spontaneous Raman in-

tensity I,'„, (open circles, scale on the right-hand side) vs temper-
ature T.

integrated spontaneous Raman intensity I,'~, (open cir-
cles, scale on the right-hand side) increase with rising
temperature. In the temperature range from 25 to 50 K,
which is relevant for SRS from this mode, the integrated
Rarnan intensity is approximately constant. Therefore,
the temperature dependence of the threshold intensity of
SRS is determined by the spontaneous Raman linewidth
5vz [see Eq. (3)].

It can be seen from Fig. 4(a) that below the tempera-
ture range (50 to 25 K) in which stimulated Raman
scattering from the 113-cm ' 8, mode (open circles) was
observed, the B, mode with a frequency of 82 cm
(crossed circles) was dominant. It should be emphasized,
however, that the threshold intensities of these modes
were so close to each other that sometimes both modes
were observed simultaneously. The solid lines (2) and (3)
were obtained from the spontaneous peak intensities Io
of the 113- and 82-cm ' B, modes, respectively, whose
spontaneous Raman linewidths increase strongly with
temperature, ' but below 50 K are always much smaller
than the laser linewidth (see, e.g. , Fig. 5). The inverse
values of the spontaneous peak intensities, I/Iop, of the
82- and 113-cm ' B, modes have a similar temperature
dependence. However, the 82-cm ' curve (3) starts
below the 113-cm ' curve (2) at low temperatures
[difficult to see in Fig. 4(a) because of the experimental
points] and exhibits a steeper rise than the 113-cm
curve (2) at higher temperatures. Therefore, for tempera-
tures T &25 K stimulated Raman scattering is observed
mainly from the 82-cm ' mode (crossed circles), while
between 25 and 50 K the 113-cm ' mode (open circles) is
dominant. The agreement between the experimental
points for SRS and the solid lines representing the spon-
taneous Raman data is good.

2. z polarized laser light

The measured threshold intensity I,h for SRS versus
temperature T for z polarized laser light propagating in
the y direction (y-cut crystal) is shown in Fig. 4(b). From
room temperature to 50 K we observed SRS from the
1372-cm ' zz A, mode (solid squares) of lithium formate
monohydrate ([y +Ax](zz)y configuration) which corre-
sponds to the strongest spontaneous Raman line at room
temperature. ' The temperature dependence of the
threshold intensity in this y-cut crystal [Fig. 4(b)] is the
same within the experimental accuracy as in the x-cut
crystal [Fig. 2(a)] because the same Raman tensor ele-
ment zz is involved. This can be seen best if the experi-
mental points of the x- and y-cut crystals are normalized
to the same height. However, the absolute values of I,h

are lower for the y-cut crystal than for the x-cut crystal
because the former had a longer length and a much better
optical quality of the surfaces (see Sec. IV). The solid
squares for SRS from the 1372-cm ' mode deviate at
lower temperatures from the solid line (1) representing
the spontaneous Raman data [see Fig. 4(b)]. An explana-
tion for this discrepancy has been given in Sec. V A 1.

At temperatures between 50 and 25 K and below 25 K
stimulated Raman scattering from the 113- and 82-cm
B, modes, respectively, occurred in a similar way as dis-
cussed for the x polarized laser light [compare Figs. 4(a)
and 4(b)]. The agreement between the points for SRS
(open and crossed circles) and the solid lines (2) and (3) is

good.
Overall, Figs. 4(a) and 4(b) show that below 10 K the

threshold intensities of SRS from the 82-cm ' B, mode
are very small (&200 MW/cm ) for the y-cut crystal,
which has parallel surfaces of high optical quality.
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Therefore, stimulated Raman scattering with high con-
version eSciency is easily obtained without optical dam-

age of the crystal.

C. z direction

When the axis of the Raman resonator was parallel to
the z direction of the lithium formate monohydrate crys-
tal, SRS was observed from the 76-cm '

A2 mode both
for x and y polarized ruby-laser light, however only at
temperatures below 40 K. The results for the
[z+by)(xy)z geometry are shown in Fig. 6. Similar re-
sults have been obtained for the [z +Ax](yx)z geometry.
The threshold intensity I,„ for SRS decreases steeply with

decreasing temperature and reaches a constant value for
low temperatures.

The inverse of the spontaneous Raman peak intensity
(solid line) of the 76-cm '

Az mode shows also a steep
decrease, but reaches much lower values for T &20 K
than I,h. The reason for this discrepancy is the very
small spontaneous Raman linewidth 5vR (much smaller
than 10 cm ' for T (20 K) of this mode' which
causes a transient behavior of SRS and rises the threshold
intensity I,h above the solid line obtained from the spon-
taneous Raman data for the steady-state case.

VI. CONCLUSIONS

We have investigated stimulated Raman scattering in

lithium formate monohydrate single crystals in a resona-
tor configuration for various propagation directions in

the crystal and for different polarizations of the laser

FIG. 6. Raman threshold intensity I,„vs temperature T.
The open triangles correspond to the 76-cm ' A 2 mode

([z+hy]lxy)z configuration). The solid line is proportional to
the inverse of the peak intensity in the center of the spontaneous
Raman line.

light from 2 K to room temperature. The pump laser
was a Q-switched ruby laser with a linewidth of 0.7 cm
For our particular experimental conditions the following
results were obtained. For temperatures above about 50
K the zz A

&
mode with a frequency of 1372 cm ' and the

163-cm ' B, mode had the lowest threshold intensities
for stimulated Raman scattering. At temperatures below
50 K stimulated Raman scattering was observed only
from low-frequency modes, in particular from the 104-
cm ' zz and the 79-cm 'yy A& modes, the 76-cm '

A2
mode, and the 82- and 113-cm 'B, modes.

We have also measured the spontaneous widths and in-
tensities of those Raman lines' which have been ob-
served in stimulated Raman scattering. The spontaneous
Raman linewidths range from &0.01 to 13 cm ' depend-
ing on the lattice mode and the temperature. The domi-
nance of the low-frequency modes in stimulated Raman
scattering at low temperatures is due to the small
linewidths of the corresponding spontaneous Raman
lines, which lead to high spontaneous Raman peak inten-
sities. In the steady-state case, the threshold intensity for
SRS is proportional to the inverse of the spontaneous Ra-
man peak intensity, i.e., high spontaneous peak intensi-
ties cause low threshold intensities for SRS. This relation
has been confirmed for the 104-cm ' zz A

&
mode and the

82-, 113-, and 163-cm '
B& modes. Deviations between

the spontaneous and stimulated Raman data were found
for the 76-cm '

A2 mode and the 79-cm '
yy A, mode.

These modes have extremely narrow ( ( 10 cm ')
spontaneous Raman lines at low temperatures, which
give rise to transient stimulated Raman scattering result-
ing in a reduced Raman gain and an increased threshold
intensity compared with the steady-state case. Stimulat-
ed Raman scattering from the 1372-cm ' zz A, mode
was a particular case, because the feedback by the Raman
resonator was fully effective only at higher temperatures,
but not at low temperatures (T (150 K). This has been
explained by taking into account the temperature depen-
dence of the ratio of the spontaneous Raman linewidth
and the ruby-laser linewidth.

Since the A, (z) and 8, ( )xmodes are both Raman and
ir active, the excitation of these modes by stimulated Ra-
man scattering can be used to generate intense, mono-
chromatic, coherent far-infrared and ir light pulses at the
investigated frequencies (79, 82, 104, 113, 163, and 1372
cm ). In addition, high population numbers of optical
phonons are produced, which decay into acoustic pho-
nons with terahertz frequencies. Stimulated Raman
scattering may serve, therefore, as a source of high-
frequency acoustic phonons.
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