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Abstract. The second-order structural phase transition in the two-layer orthorhombic form 
of K,Co(CN), single crystals (Dg-Cih; T, = 83.5 K) is investigated through Brillouin 
scattering. Avery-low-frequencysoftoptical phonon. which is the lowest soft optical phonon 
ever seen by light scattering techniques, has been ubserved. The soit phonon exhibits 
relaxational character as well as oscillatory character in the vicinity of Lhe phase transition. 
Since the soft phonon belongs to the B,, irreducible representation of the Dah class, the C, 
elasticconstant isalso expected toshowsoitening. However. scattering from the C, acoustic 
phonon is too weak toobserveeven near the phase tranition. The [IOO] longitudinal acoustic 
phonon irequency shows a weak and continuous change through the phase transition. The 
behaviour can be reasonablyexplainedbytheLandau-~alatnikovprocesswiththe dynamic 
susceptibility of the soft optical phonon. 

1. Introduction 

Potassium cobalticyanide (K,Co(CN),) single crystals possess four different structural 
forms which are described by polytypic nomenclature as 1M (one-layer monoclinic), 
20r (two-layer orthorhombic), 3M (three-layer monoclinic) and 7M (seven-layer 
monoclinic) (Kohn and Towns 1961). Among these crystal forms of K,Co(CN), the 
physical properties of the 1M and 20r forms have mainly been studied. Room- 
temperature crystal structures for the 1M form (CL (P2,/c); z = 2) and the 20r form 
(Dit (Pnca); z = 4) have been determined by single-crystal x-ray diffraction (Figgis e# 
a1 1978). The 1M form crystal undergoes a non-femc (constant rotational symmetry) 
second-order phase transition at Tc = 63 K, induced by a Brillouin zone boundary soft 
phonon. The soft phonon is inevitably Raman inactive in the high-temperature phase 
but becomes Raman active in the low temperature phase (Saito et ~11984). The 20r form 
crystal also undergoes a second-order structural phase transition (T,  = 81 K) which 
takes place at the Brillouin zone centre. A Raman-active soft optical phonon (B3& 
symmetry of the point group D2,J has been observed (Morioka and Nakagawa 1983). 
The crystal structures in the low-temperature phase are found to be C:, (P2,/n) with 
z = 4 for these phase transitions (Morioka and Nakagawa 1983, Morioka et al1985). 
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However, the unique twofold axis corresponds to the b axis for the 1M form (P12,lnl 
in the full notation), but the a axis for the 20r form (P2,/nll). Raman scattering 
experiments successfully observed well defined soft phonons in both of the phase tran- 
sitions (Morioka and Nakagawa 1983, Saito eI a1 1984). According to the lattice 
dynamical calculation for the 1M and 20r forms of K3Co(CN), the soft phonon in the 
201 form can be regarded as the folding-back phonon of the Brillouin zone boundary 
soft phonon in the 1M form (Morioka 1986). 

Now let us concentrate on the B,, soft optical phonon in the 20r form crystal. The 
soft-phonon frequency at room temperature is about 16cm-I and decreases to about 
3 cm-I at 6 K above the phase transition (Morioka and Nakagawa 1983). However, the 
Raman study could not observe the soft phonon within several kelvins around the phase 
transition because of a strong Rayleigh peak. The details of the soft-phonon behaviour 
in the vicinity of the phase transition has not been fully elucidated. Note that the 
frequency region below 3 cm-’ can be precisely studied by means of the Fabry-PCrot 
spectroscopy known as Brillouin scattering. There are two reasons why we study the 
D2,-C2, phase transition in the 20r form of K,Co(CN), by means of Brillouin scattering. 
First of all, it is very interesting to study the dynamical behaviour of the very-low- 
frequency soft optical phonon near the second-order phase transition. To the best of our 
knowledge, only one example of a Brillouin scattering study of the soft optical phonon 
has been reported on the monoclinicmonoclinic isostructural phase transition in the 
molecular crystal C,C140, known as chloranil (Girard et al1982). However, the soft 
phonon is a Brillouin zone boundary phonon in the high-temperature phase and the 
Brillouin scattering study is inevitably limited to only a few kelvins below the phase 
transition temperature. Therefore the 201 form of K,CO(CN)~ single crystals can be a 
rare and unique example of Brillouin scattering study of a softoptical phonon. Secondly, 
according to group theoretical analysis, a bilinear coupling between the B3, soft optical 
phonon and a shear elastic strain eyz (e4) is allowed in the Landau free energy, This 
means that one can expect to observe the C,, soft acoustic phonon as well as the soft 
optical phonon by Brillouin scattering. Furthermore, since the soft-phonon frequency 
becomes extremely low near the phase transition, we might be able to sec dynamical 
crossover effect between the soft optical phonon and the C, acoustic phonon near the 
phase transition (Cummins 1979). 

This is the first complete report on a Brillouin scattering study of the soft optical 
phonon through a second-order structural phase transition which takes place at the 
Brillouin zone centre. 

2. Experimental details 

The starting materials for K,Co(CN),single crystals were KCN and CoC12*6H20, both 
reagent-grade chemicals. After synthesis and purification procedures, we obtained 
polycrystals of K,Co(CN),. Single crystals were grown from saturated aqueous solutions 
by slow cooling. The polytypes of the obtained crystals can be easily distinguished by 
measuring the Raman spectrum at room temperature. For the 20r form crystals, a 
Raman line appears at around 16 cm-’, which is the soft phonon, but not for the other 
forms of the crystals. Although the large 1M form crystals of excellent optical quality 
for light scattering experiment can be readily grown, it is very difficult to grow the 20r 
form crystals with an excellent optical quality. Sometimes, because of mixtures of 
K3C~I-,Fex(CN)a(x < 0.03)orrapidcoolingthe20r formsinglecrystalsareaccidentally 
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grown. After a large number of attempts, we obtained a couple of transparent platelets 
about 1.5 x 3.5 mm x 5 mm in sue with facesperpendicular to thecrystallographic two- 
fold axes. In this report, we adopt the X, Y ,  Z notation for the two-fold axes instead of 
the a, b ,  c notation. 

Brillouin spectra were excited by514.5 nm light from an Ar" laser in a single-cavity 
modewithapoweroflessthan50 mwatthesample. Becauseofthelimiteddimensionsof 
the single crystals obtained, we mainly employed back-scattering geometries. Brillouin 
spectra were obtained using a laboratory-built piezoelectrically scanned five-pass Fabry- 
Ptrot interferometer followed by photon-counting electronics and a computer-based 
data acquisition system (Haneda eta1 1988, Yoshihara et ai 1989a). Several free spectral 
ranges between 0.5 and 12 cm-I with a finesse of about 60 and a contrast of about 1O'O 
were employed. Oriented samples are affixed to a copper block using GE varnish 7031 
and placed in a laboratory-built metal cryostat (Yoshihara et ai 1990). The temperature 
of the sample is controlled with a proportional controller with a copper-constantan 
thermocouple and measured with a calibrated platinum resistance thermometer which 
is placed just behind the sample. Temperature fluctuations and drift are less than 
k0.03 K for a data accumulation time of 1-10 min. 

3. Results and discussion 

3.1. Optical soft phonon 
Examples of the temperature dependences of the soft-optical-phonon spectra around 
the phase transition are shown in figure 1. These spectra were observed in X ( 2 ,  Y )  - X 
scattering geometry, which allows one to observe the B,, symmetry Raman-active 
phonons. The free spectral range was set to 9.73 k 0.05 cm-'. Below 85 K, the soft- 
phonon peak is absorbed into the Rayleigh wing and can RO longer be observed in the 
spectra. In order to elucidate the soft-phonon behaviour near the phase transition, 
measurements with a much higher resolving power (narrower free spectral ranges) 
should be carried out. Figures 2(a) and 2(b) show the temperature development of the 
high-resolutionsoft-phonon spectra in the vicinity of the phase transition. The scattering 
geometry wasX(2, Y + 2) - Xand the free spectral range was set to 2.30 k 0.01 cm-' 
for figure 2(a) and 6.47 2 0.03 cm-' for figure 2(b). In spite of the narrower free spectral 
ranges employed, we could not observe the soft-phonon peak in a temperature range 
between 85 and 82 K but merely observed a broad structure around the elastic Rayleigh 
peak as shown in figures 2(0) and 2(b) .  Sharp peaks, which appear around 20.7 cm-', 
are scattering from the longitudinal acoustic (LA) phonon propagating along the [IOO] 
direction. Thermal hysteresisof the transition temperature has not beendetected within 
the experimental accuracy of our temperature measurement, 20.1 K .  

In order to determine the frequency shift and the width of the soft phonon, we need 
to assume lineshape functions for the Rayleigh and soft-phonon peaks. The heshape 
function for the sharp Rayleigh peak (instrumental function) observed with a five-pass 
Fabry-Ptrot interferometer is well established and given by (Lindsay er a1 1977) 

Then the true width of the Rayleigh peak (HWHM) is given by (2'ls - 1)L12y. Next we 
assume the damped harmonic oscillator response function for the soft phonon to be 

in which n(w) is the Bose-Einstein factor, and w, and r are the frequency and the width 

s R ( w )  = IR[Y2/(wz + ?)I5, 

SpH(m) - [I + n(o ) ]  Im(w2, - w z  - 2iwr)-] 

(1) 

(2) 
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Figure 1. Temperature development of the soft- 
optical.phonon spectrum through the phase Iran- 

9.;3Cni1 X(2, Y) - Xand the free spectral range was set 
I ~~~ ~ - sition. The scattering geometry employed was 

- 9.73 0 
FREQUENCY SHIFT to 9.73 cm-'. 

of the soft phonon. Following the deconvolution technique (Lindsay et al1977), we can 
obtain an analytical expression for the deconvoluted spectrum using equations (1) and 
(2). Unfortunately the expression is too complicated to use, even for the simple response 
function. However. wmhen the soft-phonon width r is larger than the width y in  equation 
(1) by a factor of about 5, the damped harmonic oscillator response function gives a 
reasonable fit to the observed spectrum as shown in figure 2(6) by full circles (see the 
83.6 Kspectrum). Note that they/Tratiostronglydependsonavalueofthefreespectral 
range and it becomes larger for narrower free spectral ranges. We found that the 
response function can reasonably reproduce the observed spectra except for the highest- 
resolution spectra near the phase transition which are shown in figure 2(a). In these 
spectra, a broad structure, which cannot he reproduced by the simple damped harmonic 
oscillatorresponse function. clearly appearsaroundthe elastic Rayleigh peak. Inorder to 
reproduce the observed spectra, we have phenomenologically introduced the oscillator- 
'relaxator' coupled response function, which is given by (Shapiro etoll972) 

SPN(m) - [ I  + n(w)]  h[o% - o2 -2iwr - a2/(1 -imr)]-' (3) 
in which n(w)  is the Bose-Einstein factor, z is the relaxation time of the relaxation mode 
and 6 is a coupling constant between the soft phonon and the relaxation mode. In 
this model, the optical phonon instability takes place at a temperature which satisfies 
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0 2.30 cmi' 0 6A7cm" 
FREQUENCY SHIFT FREQUENCY SHIFT 

[ a i  I IJ I 

Figure 2. Temperamre development of the high-resolution soft-phonon spectrum in the 
vicinityofthephase transition,observed in theX(Z, Y t Z) - Xscatteringgeometry, where 
thesharp peaksappearingat about +0.7 cm-' are due toscatteringlromthe [loo] Lnphonon: 
a, in (b )  83.6 K spectrum calculated using the damped harmonic oscillator model (see 
equation (2));O.h (Q) 83.6 Kspectrumcalculatedusingthesolt-phonon-relaxatorcoupled 
model (see equation (3 ) ) .  

= - a2 = 0 instead of U& = 0. Using the response function, we tried to analyse 
the highest-resolution spectra near the phase transition. For example, when we choose 
1/2m = 0.43 2 0.02 cm-', 6 / k  = 0.25 2 0.01 cm-', wM/2n = 1.40 cm-' and r / k  = 
0.7 cm-' for the 83.6 K spectrum, we can fully reproduce the observed spectra as shown 
by open circles. Figure 3 presents the soft-phonon frequency and the width as functions 
of temperature. The transition temperature Tc is found to be 83.5 rt 0.1 K. It is clear 
that the phonon width is about 0.7 cm-' and almost independent of temperature in the 
high-temperature phase. However, the width exhibits a broad peak below Tc. A simple 
quasi-harmonic theory for the soft phonon cannot explain the behaviour. The relaxation 
time z and the coupling constant 6 are almost independent of temperature through the 
phase transition. The relaxational mode plays important roles within a few kelvins 
around the phase transition. The open triangles are the Raman scattering results 



5176 

5 
2 
E 
310 

- 
/A' 

A Yoshihara et a1 

Figure 4. Square of the soft-phonon frequency as 
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Figure 3. Temperature dependence of the soft-phonon frequency o), (a) and the phonon 
width r (0): A ,  the soft-phonon frequency determined by Raman scattering (Morioka and 
Nakagawa 1983):-----, [loo] LA phonon frequency as a function of temperature. 
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Figure 4. Square of the soft-phonon frequency as 

(Morioka andNakagawa 1983). The transition temperature was found to be about 81 K. 
When the transition temperature is adjusted to the present value of 83.5 K, agreement 
between the Raman and Brillouin scattering results is excellent. Figure 4 shows the 
square of the phonon frequency as a function of temperature. It is evident that the 
squared frequency follows the linear temperature dependence as expected from the 
mean-field soft-phonon theory (Blinc and Zeks 1974) except in the close vicinity of the 
phase transition. The squared soft-phonon frequencies as a function of temperature are 
summarized as follows: 
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(An)’ = [ 1.4(T- 83.0) (cm-I)’ for IT’ Tc (4) 
(5) 4.5(83.6 - T )  (cII-’)’ IT< Tc. 

From equation (4) and the d/k-parameter already discussed, we find that U& = 0;. 

Note that the ratio between the temperature coefficients in equations (3) and (4) is 
almost 3 and different from the mean-field value of 2. The calculated soft-phonon 
frequencies at 290 K and Tc = 60 K obtained using equations (4) and (5) are 17.0 cm-I 
and 16.4 cm-’ and show reasonable agreement with the Raman results, 16 cm-’ and 
15 cm-I, respectively. 

It is clear that we need to introduce the relaxational character for the soft optical 
phonon in the vicinity of the phase transition in order to reproduce the observed spectra, 
However, the physical origin of the relaxation mode is not understood yet and is left for 
future studies. 

3.2. Acoustic phonons 

First of all, let us start by discussing the C, transverse acoustic (TA) phonon. According 
to the group theoretical analysis, one can expect a bilinear coupling term between the 
B3, soft optical phonon and the shear strain eyz (e,)  in a simplified Landau free energy 
given by 

F =  tor(T)Q’ + &3Q4 + tCg)e$ + AQe,. (6) 

Here a ( T )  = a0(T - To) and 6 7 0. Then the C, elastic anomalies can be readily 
obtained through the standard calculation techniques (Rehwald 1973) as 

CE)(T-  T c ) / ( T -  To) T >  Tc (7) 

(8 )  CM = I,, ‘0’(Tc - T ) / ( T ,  - T )  iTc < T 
for 

in which Tc = To + A * / C E ) ( Y ~  and Tl = Tc + (Tc - T0)/2. The phase transition is 
induced by the C,, acoustic instability prior to the optical phonon instability. According 
to the selection rules for the right-angle Brillouin scattering on the D, class (Vacher 
andBoyer1972),theC4acousticphononcanbeobservedin theX + y[Z, X + Y ] X  - Y 
andX + Z [ Y ,  X + z ] X  - Ztypesofscatteringgeometry.Inbothgeometries,scattering 
intensity is governed by the Pockel’s photoacoustic constant Pa. Because of the limited 
dimensionsof the grown crystals (platelets in the Y-Zplane), we could scarcely prepare 
a thin sample for the C, soft-phonon study in the latter scattering geometry. The 
Brillouin scatteringintensity from the C, acousticphonon at temperature Tisessentially 
given by 

IB - T(Pu.SICu. (9) 
If we assume that the phase transition is actually induced by the C ,  acoustic instability, 
we can determine the two characteristic temperatures which appear in equation (7) 
as T, = 83.5 K and To = 83.0 K. Numerical calculation using equation (7) with these 
temperatures shows that the softening of the C ,  acoustic phonon frequency and the 
enhancement of the scattering intensity becomes remarkable within only a few kelvins 
above Tc. Keeping these results in mind, we carefully examined scattering from the C,, 
TAphononin awide temperature range between78and300 K, andwithspecialattention 
near the phase transition, wzith the narrowest free spectral range 15 GHz. However, we 
could not observe scattering from the TA phonon even near the phase transition. This 
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Figure 5. Brillouin spectra due to the M phonons 
near the phase transition (T = 83.7 K = 
Tc t 0.2 K): R, the Rayleigh peak; S, the Stokes 
component; AS the anti-Stokes component. 
These spectra were recorded for the same time 
(loos) and are shown in the same vertical scale. 

-34 0 34 Since the free spectral range is 34GHr. the LA 

peaks overlap from different orders. 

L . . I - I  

FREQUENCY SHIFT [GHZI 

result seems to suggest that the P# constant may be extremely small. In this case, 
BriUouin scattering might not be a suitable technique to study the C,, instability of 
K,Co(CN),and we shouldemploy the ultrasonic pulse techniqueorthe neutroninelastic 
scattering technique. 

Next we discuss LA phonons. Examples of back-scattering Brillouin spectra due to 
the LA phonons, which propagate along the twofold axes, just above the transition 
temperature (about T, + 0.2 K) are shown in figure 5. Vertical scales are common for 
these spectra. The data accumulation time was 100 s. According to the selection rules 
of Brillouin scattering by acoustic phonons (Vacher and Boyer 1972). which are propa- 
gating along the twofold axes of Dlh class, one can only observe scattering from the LA 
phonons in the back-scattering geometries. It is interesting to note the background 
levels in these spectra. The [loo] phonon spectrum. which was measured in the same 
X ( Z ,  Y + 2) - Xscattering geometry as used for the soft-optical-phonon study, clearly 
shows a very high background level which is due to the soft optical phonon. Figure 6 
presents the LA phonon frequencies as a function of temperature around the phase 
transition. Ascan beseenfrom thisfigure, the [OOl] uphononfrequencydoesnotshow 
an anomaly through the phase transition. The [OlO] LA phonon frequency shows a small 
scatter just below the transition temperature. This may be due to the domain wall 
motion. On theotherhand, the [loo] ~~phononfrequencyexhibitssmall butcontinuous 
behaviour through the phase transition. According to the group theoretical analysis, the 
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Figure 6. The LA phonon frequencies as a function of temperature for the back-scattering 
geometries. The phonon propagation directions are also given in this figure. The arrow 
indicates the transition temperature (Tc = 83.5 K). 

lowest-order coupling between the longitudinal strain e ,  (Ag symmetry) and the order 
parameter (B38 symmetry) is given by 

Fint = Be,Qz.  (10) 

Through the standard calculation technique (Rehwald 1973), one obtainsastep function 
anomaly 

AC,, = CIl(T> Tc) - C , , ( T <  Tc)  = 2B2/@ (11) 

at the transition temperature. Here the C,, elastic constant is related to Brillouin shift 
through the well known formula (Chandrasecharan 1951) 

c,, = pvtlw1 = PIA, A ~ ~ ~ ~ ~ ~ / P  sin(eS/2)ii2 (12) 

in which Vllw] is the velocity of sound along the [loo] direction, p is the crystal density, 
,lo (=514.5 nm) is the wavelength of incident light in vacuum, n is the refractive index 
for incident light and 0, is the scattering angle (0, = n). Note that equation (12) is only 
correct for the LA phonon (Vacher and Boyer 1972). Clearly equation (11) cannot 
explain the observed anomaly. We sometimes observe a smooth and continuous change 
in the elastic constant through the second-order phase transition with linear strain- 
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quadratic order parameter couplings in the high-temperature phase by Brillouin scat- 
tering (Yoshihara et al 1984, 1985, 1989b). This behaviour can be understood by a 
Landau-Khalatnikov process. With the inclusion of this process, the elastic anomaly 
given by equation (11) should be replaced by 

A c , ~ ( m )  = 45’Qkp(w)  = 4~ZQ~xa(o)lxp(w)/xa(o)l. (13) 
Q, is the spontaneous value of the order parameter, and xa(w) and xp(0) are the 
dynamicand staticsusceptibilitiesof the order parameter in the low-temperature phase. 
According to  the thermodynamical treatment, the 4E2Q:xa(0) part should be replaced 
by 2B2/plP. The real part of xp(w) gives the frequency-dependent elasticconstant and the 
imaginary part gives the line broadening of the Brillouin peak. Since we have not 
observed a line-broadening effect in our Brillouin spectrum, we only discuss the con- 
tribution from the real part of xa(w).  We should use the dynamic susceptibility for the 
phonon-‘relaxator’ oscillator coupled mode, 

Re&(o&p(0)} = o?,[w$ - @/(1 + w i z 2 )  - oil 

x~[0~-6~/(1+0zB~~)--wzBJ~+~~[2r+~6~/(1 + w z B ~ ~ ) ] ~ ) - ~  (14) 

in which wB = 2znB (n, = 0.713 cm-’) and w i  = m i  - 6: .  Since the temperature 
dependences of the soft-optical-phonon parameters have been already determined, we 
can directly calculate the elastic anomaly using equations (12)-(14). However, we have 
no data on the index of refraction and the crystal density for this crystal to hand. We just 
calculate the squared Brillouin shift which is proportional to the elastic constant. Figure 
7 shows the calculated elastic anomaly compared with the experimental results. In order 
to determine the magnitude of the step anomaly at T,, which corresponds to the factor 
4B2@xQ(O) in equation (13), we assumed a linear temperature dependence for the 
normal part of the C,, elastic constants above and below Tc. Then we obtained a value 
of about 17 for the factor 4B2Q:xp(0) in our units of gigahertz squared. We should 
emphasize the fact that, once we determine the factor 4B2Q:xa(0) at Tc, there is no 
adjustable parameter in the calculation. When we take this into account, agreement 
between the calculation and the experimental data seems to be reasonable. Here, we 
want to make a comment. The dynamic susceptibiIity contains a contribution from the 
relaxator in the vicinity of the phase transition. However, we found that the relaxator 
does not contribute to the elastic anomaly. In fact we obtain the same result even for 
null coupling (6  = 0) between the soft phonon and the relaxational mode in equation 
(14). The elasticanomalystemsfrom the Landau-Khalatnikovprocessdue to thenearly 
overdamped soft-optical-phonon mode but not the relaxation mode. 

4. Conclusion 

The two-layer orthorhombic form of K$o(CN)~ single crystals undergoes a typical 
second-order structural phase transition which is induced by a Raman-active soft optical 
phonon at the Brillouin zone centre. The temperature dependences of the soft-phonon 
frequency and the width around the phase transition were extensively studied by means 
of Brillouin scattering. The square of the soft-phonon frequency obeys the linear tem- 
perature dependence as expected from the classical mean-field theory above and below 
Tc. This is the lowest soft optical phonon ever observed by light scattering experiments. 
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Figure7. Comparison between the Landau-Khalatnikor contribution to the elasticanomaly 
and the observed contribution: ---, normal part of the C,, elastic constant (square of 
the [loo] LA phonon frequency). In the low-temperature phase, it is given by 
437 + 6.3 x (83.5 - r) (GHz)’. The arrow indicates the transition temperature (Tc = 
83.5 K). 

The soft phonon is not a simple damped harmonic oscillator but exhibits a relaxational 
character in the vicinity of the phase transition. However, the physical origin of the 
relaxation mode is not understood yet and is left for future studies. 

The LA phonon propagating along the [ 1001 axis shows a weak and continuous elastic 
anomaly at the phase transition. The elastic behaviour can be reasonably explained by 
linear strain-quadratic order parameter coupling with the dynamic susceptibility of the 
soft optical phonon. Since thesoft phonon belongs to the one-dimensionalB3girreducible 
representation of D,, class, softening of the C, elastic constant is expected. However, 
we could not observe scattering from the C, acoustic phonon even near the phase 
transition in our Brillouin spectrum. Of course, this does not deny the possibility that 
the C, soft acoustic phonon exists but i t  means that BriUouin scattering might not be a 
suitable technique for studying the C,soft acousticphonon for the 20r form K,Co(CN), 
crystal because of an extremely weak scattering intensity. In order to examine the 
possibility of the C, soft acoustic phonon, ultrasonic or neutron inelastic scattering 
studies are strongly recommended. 
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