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ABSTRACT OF DISSERTATION

RAMAN STUDIES IN NH,H PO , AND KH PO,4 2 4 2 4

L aser  Raman spectra for  NH H PO (ADP) and KH PO (KDP)
r r  w  ^  L i ^

are presented as a function of temperature in the region above the 

phase transitions. Evidence is presented confirming the existance 

of strong coupling between the proton B tunneling m ode and the BC, ¿t

optical phonon m ode in both crysta ls . The spectra w ere  fit to a

coupled osc i l la tor  function and the relevant fitting param eters are

presented. The Debye relaxation time and soft m ode frequency for

the overdamped m ode as well as the static d ie le ctr ic  susceptibility

are  plotted as a function of tem perature. Soft m ode behavior in both
2

crysta ls  displays the cj o<(T-T^') dependence. For KDP T^' was 

determ ined to be 30° K. R oom  temperature spectra  are presented for 

KDP and ADP, and five of the six optical phonon m odes are  identi-

fied. The (PO^) ion m odes are observed  to split under the loca l 

crystalline field  of S^ sym m etry and a librational m ode of the (NH^) 

ion is reso lved .

+
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C H A P T E R  I

THE NATURE OF THIS RESEARCH

M aterials displaying fe r r o e le c t r ic  properties have captured the 

interests of many re sea rch ers  in recent y ea rs . This interest has 

stimulated many theoretical and experim ental studies of the phase 

transition in these m ateria ls  which has resulted in a qualitative under-

standing of the m echanism s involved. The class ifica tion  of f e r r o -  

e le c tr ic s  into d isplacive type and o rd e r -d is o rd e r  type has been

fruitful.  ̂ The so ft -m ode  which d escr ib es  the transition of the

2
disp lacive  fe r r o e le c t r ic s  beautifully, is usually broad and in many

cases  unobserved in the o rd e r -d is o rd e r  fe r r o e le c t r ic s .  This makes

the interpretation of the dynamics of the o rd e r -d is o rd e r  fe r r o e le c t r ic

transition difficult and often speculative.

The dynamics of the phase transition in crysta l potassium

dihydrogen phosphate (KH PO or KDP) and ammonium dihydrogen
3

phosphate (NH^H^PO^ or ADP) has long been speculated in term s of 

the tunneling m otion of the hydrogen ions in a double-w ell potential 

which achieves fe r r o e le c t r ic  order  for  KDP and a n t i- fe r ro e le c tr ic  

order in A D P below the transition tem perature. That this picture 

is qualitatively c o r r e c t  is supported by neutron diffraction  studies 

which show the proton charge distribution between two oxygen ions



perpendicular to the crysta l c -a x is  to be sym m etric  and asym m etric ,

resp ective ly , above and below the phase transition tem perature.

4 5 6Among others, Blinc , deGennes , and Tokunaga have worked out

the therm odynam ics of this type of fe r r o e le c t r ic  phase transition

(KDP) using a quasi-sp in  form a lism . Their results are  in qualitative

7agreem ent with d ie lectr ic  constant m easurem ents. No attention 

was paid d irect ly  to the a n t i - fe r ro e le c tr ic  transition in ADP.

The quasi-sp in  tunneling picture of KDP had many w eaknesses . 

It could not account for  the insensitivity of the spontaneous p o la r i-

zation to deuteration, nor could it explain what would cause the 

spontaneous polarization in KDP, which is parallel to the c - c r y s t a l lo -

graphic axis, to be perpendicular to the proton tunneling m otion. A
g

m ajor  step in the right d irection  was taken as Kaminow, et. al. r e -

ported the softening of the broad low -frequ ency  wing in the

(Raman) spectrum  of KDP when the temperature is low ered  towards

9
the phase transition, and Kobayashi proposed  the coupling of an 

optical phonon and the proton tunneling m ode which causes the d is -

placem ents of potassium  and phosphate ions along the c -a x is  to 

" f r e e z e  in" below the transition tem perature. Thus, there was 

qualitative understanding of the problem  when this re sea rch  began. 

The fe r r o e le c t r ic  phase transition of KDP was tr iggered  by the long 

range ordering of the proton tunneling motion which causes a spon-

taneous polarization along the c -a x is  through the proton-phonon 

coupling.



Several questions in need of answers a rose  naturally at the 

beginning o f this resea rch . Some of these, of cou rse , w ere  spawned 

in the light o f  prelim inary  studies by us as well as re sea rch  by others. 

Some of our early questions can be sum m arized  as fo llow s:

There are four tunneling protons in a prim itive  ce l l  of the

high tem perature phosphates (KDP and ADP); they may be decom posed  

into + E m odes under the crysta l point group The A^

m ode is Raman inactive, but one would like to fo llow  the dynamical 

behavior of the E m ode as well as the m ode in KDP. Can one 

observe  the broad fluctuations (B and E) in A D P? F urtherm ore , the
Ci

effect of the proton-phonon coupling should be studied experim entally. 

What a re  the effects of this coupling on the temperature dependent 

polarization fluctuations, and thus on the dynamics of the phase 

transition? A lso , our prelim inary  spectra  revealed  many line shape 

anom alies at room  tem perature. Can one obtain information on the 

order param eter by following the tem perature dependence of som e of 

the line shape anom alies? Finally, can all or m ost  of the Raman 

active m odes in A D P and KDP be identified?

To answer these questions, two efforts  w ere  planned for  this 

resea rch : (1) room  temperature Raman sp ectroscop y  of KDP and 

A D P in an attempt to identify Raman lines and to note the significance 

of the line-shape anom alies, and (2) tem perature dependent B^ and 

E Raman spectra  of KDP and A D P below  300 cm   ̂ in an attempt to

10



fo llow  the dynamics of the tunneling m odes and the effect of the proton- 

optical phonon coupling.

Due to the efforts  of this re sea rch  and the independent efforts  of 

severa l other groups during 1971, m ost  of these questions are 

answered, at least qualitatively. This thesis w ill present data and 

their interpretations conducted in this laboratory. Whenever p o s -

sible, a com parison  with recent publications and intended publications 

(preprints) will be given. A ll of the experiments presented here w ere  

planned in the beginning of this p ro ject  and they w ere  p erform ed  at 

C olorado State University without the p r ior  knowledge of the work of 

others.

It should be pointed out that even if all the questions ra ised  here 

w ere  answered, our understanding o f  fe r r o e le c t r ic s  would still be 

rudimentary. Com pared to m agnetic transitions, there exists no 

w ell-estab lish ed  Hamiltonian and no d iscussion  of fe r r o e le c t r ic s  

beyond the m ea n -fie ld  theory. The whole question of the m ic r o s c o p ic  

interactions and cr it ica l  exponents is unexplored in fe r r o e le c t r ic  and 

a n t i- fe r ro e le c tr ic  m ateria ls .



C H A P T E R  II

THE OPTICAL PHONONS OF TETRAGONAL KH PO^ AND2 4

NH H PO 
4 2 4

In general all of the vibrational m odes in a crysta l are not 

Raman active (capable of giving r is e  to a Raman shift). It is there-

fo re  n ecessa ry  in the cou rse  of a Raman analysis to predict which 

of the vibrational m odes of the sample are Raman active. F ortu -

nately there are well established procedures for  doing this based 

upon group theoretica l resu lts . These procedures allow the 

decom position  of a system  of atoms into its norm al m odes of 

vibration. It is then possib le  to determ ine whether a m ode is Raman 

active from  its transform ational properties .

The sym m etry  of the crysta l KDP and A D P at room  tem perature

12is represented  by the space group The point group of the unit ce ll

is It is the point group which is of interest in this study since

it portrays the sym m etry  of the long wave lattice m odes and the 

center of the Brillou in  zone. Only the long wave (k=0) phonons can 

be detected in the f i r s t -o r d e r  Raman scattering due to the con -

servation of wave v ecto rs ,  and the sym m etry  of the center of the 

B rillouin zone is therefore  of paramount im portance to Raman 

scattering.



The h igh-tem perature phase of the KDP (or  ADP) crysta l is

tetragonal. It m ay be regarded  as consisting of (or  NH^^) and

(H PO ) ions with two K (or NH ) ions and two (H_PO i ions in a ¿ 4  4 Z 4

prim itive  ce ll .  The unit ce ll  of this structure is shown in Figure 1

and m o re  detail of the crysta l structures of KDP and A D P in both low

and high tem perature phases are  presented in Appendix I.

In view of this crysta l structure, it is natural to divide the

vibrations of tetragonal KDP (or ADP) into lattice m odes describ ing

the relative m otions of K^ (or  NH^^) and (H^PO^) ions, internal

3t  +m odes and librational m odes of PO,^ and NH  ̂ ions, and the vibrations4 4

related to the tunneling m otion of the protons in the (H^PO^) ions.

The corre la tion  method^  ̂ m ay be applied to d ecom pose  these degrees

of freed om  into the irredu cib le  representations of the point group of

the crysta l The procedures for  doing this can be found in the

literature^^ and will not be repeated here .

13
In a recent publication we analyzed the KDP crysta l in term s

3_
of the lattice m odes and the (PO^) internal m odes . The sym m etry

3_
of our spectra dem onstrated that the (PO^) ion rem ains as an

essentially  individual structure in the crysta l and its Raman active

m odes are split by the lo ca l  crysta lline  field . A  m ore  detailed

3-analysis of this (PO^) m ode splitting is presented by G. L. Paul

14and H. M ontgom ery. Further independent experimental results

1 5are  reported  by Coignac and Poulet.



Figure 1. Unit ce ll  (not prinaitive) of KDP, ADP. Numbers 
(1, 2, 3, 4) denote inequivalent sites in the 
prim itive unit ce ll .  Unit ce ll  d im ensions: KDP 
(a = 7.448 X, c = 6.977 X @ 299 °K), ADP 
(a = 7.510 X, c = 7.564 X@247 °K).
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The rem ainder of this chapter will be devoted to presenting 

the room  tem perature Raman data for  the A D P and KDP crysta ls .

Lattice Modes of the KDP and ADP

-1
The Raman spectra of A D P and KDP up to a 700 cm  shift

w ere  taken with a He-Ne laser  used for  excitation at room  temperature

13(2 9 4 ° K). The spectra  of KDP have been reported  by us. A  slight

m isalignm ent of the crysta l used in that publication caused som e leak

through from  m odes of undesired sp ecies . An im proved alignment

of the crysta l used for the data in F igure 3 eliminates this leak

through and results in a cleaner spectrum .

The room  tem perature A D P data below 700 cm  are presented

in F igure 2. The notation used for  the incident and scattered light is

standard. For example, y(xy)x indicates that the incident light

travels along the y crysta llographic  d irection, polarized  in the x

d irection , the scattered  light goes out x  polarized  in the y d irection .

The optical lattice m odes lie  below  300 cm  Popova and

Stekanov^^ w ere  able to identify three of the six optical lattice m odes

predicted  by group theory in KDP. They did not analyze both the

incident and scattered polarization, how ever, and therefore  w ere

unable to isolate the contributions to the Raman spectrum  o f  the other

13optical lattice m od es . Group theory d ecom poses  the lattice m odes 

into B +E acoustic  phonons and 2B +B_+E optical phonons. In this 

resea rch , five  of the six optical m odes predicted  by group theory



-1Figure 2a. R oom  tem perature Raman spectra of ADP below  700 cm  *. The ordinate is calibrated 
in scattered  photon counts. Notation is as fo llow s: y (zz)x  and y '(x 'y ')x '  re fer  to the 

and species  respectively . Resolution is 4 cm"^ at 6, 328 A.
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Figure 2b. R oom  tem perature Raman spectra  of A D P below 700 cm  . The ordinate is calibrated
in scattered  photon counts. Notation is as fo llow s; y(xv)x and y(xz)x  re fer  to the and 
E species  resp ect ive ly . Resolution is 4 cm “  ̂ at 6, 328 A .
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w ere  unambiguously identified. The positions and full widths at half

m axim um  of the lattice m odes for  both KDP and A D P are included in

Table 1. Success in identifying these m odes can be attributed to the

im provem ent of our signal-to-noise ratio and to a judicious choice of

sam ple orientation fo r  the spectrum , A good signal-to-noise ratio

allowed the luxury of analyzing the polarization of both the incident and

scattered  light. This made a positive identification of a m ode of a..
ij

sym m etry  possib le . The sample used for  all spectra except was a 

rectangular solid  with the fa ces  oriented perpendicular to the c ry s ta l-

lographic X, y and z directions. This orientation allowed unambiguous 

identification of m odes o f  the A^, B^ and E sp ecies . The B  ̂ spectrum  

was observed  using a sample which was different from  the other only 

in that the faces  perpendicular to the z faces  w ere  rotated from  the x, y 

d irections by 45“ . These new faces  are  re fe rre d  to here  as x ' ,  y ' 

fa ces .  This sample orientation allowed the B  ̂ m odes to be distinguished 

from  the A^ m odes .

The acoustic  phonons are  not observable  in a Raman experiment 

because their frequency shifts are  sm aller  than the resolution  of the 

Raman sp ectrom eter  system . Two optical lattice m odes of B  ̂ sym -

m etry  w ere  predicted  by group theory but only one was found. The other 

line was not found in searches down to 4 cm   ̂ shift. There is in 

A D P a d epression  in the B̂  ̂ spectrum  near 110 cm  This interesting 

feature can be seen m ore  c learly  when an argon laser  is used as an 

excitation source  and this is shown in F igure 3b. It is not im possib le  

that the weak Bĵ  m ode is near this location  and what one sees in



Table 1. Line param eters for  the Raman active lattice m odes in A D P and KDP at 294° K. 
Resolution  at the exciting wavelength is 4 cm"^.

A D P KDP

Sym m etry Species Position (cm FWHM (c m “ )̂ Posit ion  (cm FWHM (cm "S

' ' i 180 18 151 10

206 41 180 27

E 68 8 96 9

127 15 114 7

176 37 190 21
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Figure 3b is the interference  spectrum  of the two lattice m odes in 

ADP. A  temperature dependent study of this structure was made and 

the structure rem ains essentially  tem perature independent between 

146° K and 294° K.

Internal Modes of (PO^)'

3- 17The free  tetrahedral (P O J  ion has four vibrational m odes4

which are  Raman active. These consist of an A^ m ode at 980 cm  \

and E m ode at 363 cm   ̂ and two m odes at 515 and 1082 cm  \ In

crysta lline  ADP the loca l crysta lline  field  causes the E vibrations at

363 cm   ̂ and the F vibration at 515 cm""^ to split into A+B (at 324 andc*

398 cm  and the B+E (at 476 and 536 cm  vibrational m odes of S

sym m etry, resp ective ly . These m odes can be seen in F igure 2. The

Aĵ  m ode at 980 cm   ̂ can be seen in the y '(z z )x '  spectrum  and the 1080

cm   ̂ F^ m ode in the y ' (x 'y ' )x '  spectrum  of Figure 3.

3-
The splitting of the (PO^) vibrational m odes in KDP follow s

13a very  s im ilar form at to that in ADP. We previously  showed,
3-

using sym m etry  arguments, that the (PO  ) ion in the KDP crysta l

maintains m ost of its f r e e - io n  vibrational ch a ra cter is t ics .  These

vibrations, are  split by the loca l crystalline field  as mentioned above.

For the sake of com pleteness, it should be mentioned that the 
3-

two inequivalent (PO^) sites per prim itive  unit ce ll  might be ex-
3_

pected to impart different splitting to the (PO^) m odes . We did not 

look  carefu lly  for  this in our spectra, how ever. Therefore , the



Figure 3a. ADP Raman Spectra between 50 cm   ̂ and 3500 cm~  ̂. Resolution is 4 c m ’  ̂ at 4, 880-1 -1
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Figure 3b. A D P and Raman Spectra between 50 cm “  ̂ and 3500 c m ” .̂ 
V ert ica l  sca le  change is indicated by dashed line.

Resolution is 4 cm   ̂ at 4880 X.
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Figure 3c. KDP Raman Spectra between 50 cm   ̂ and 3500 cm  
V ert ica l  sca le  change is indicated by dashed line.

Resolution  is 4 cm at 4880
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Figure 3d. KDP Raman Spectra between 50 cm   ̂ and 3500 cm  
V ertica l scale  change is indicated by dashed line.

Resolution if 4 cm  at 4880
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splitting at the two sites is assum ed to be equivalent to within the 

resolution  of our experiment.

Internal Modes of (NH^)

The E y(xz)x  spectrum  of F igure 2 revea ls  a broad m ode  at

about 280 cm  \ This line can be identified as an E librational

(torsional) m ode of the (NH^) com plex  in the A D P lattice. This

c lass if ica tion  is poss ib le  because the rotational m odes of (NH^)^

of sym m etry T^ corre la te  into the + E species  of sym m etry .

A lso  the 280 cm   ̂ location is in agreem ent with librational frequency

18ranges in other ammonium salts.

Evidence of the other vibrational m odes of the (NH_)^ ion can4

be found in the frequency region  above 1000 cm   ̂ in F igure 3. The 

structure in this region  of our spectra  is in part due to oxygen- 

hydrogen vibrations and agrees w ell with infrared spectra published by 

others.

Hydrogen Tunneling Modes

The orientation of the hydrogen bonds in A D P and KDP is d is -

cussed  in detail in Appendix I. The hydrogens m ove in double-w ell 

potentials and above the phase transition tem perature tunnel from  

one w ell to the other. The hydrogen m o t io n ^  is alm ost entirely 

paralle l to the bond d irection  and represents four degrees  of freedom  

due to the four hydrogens per prim itive unit ce ll .  T h ere fore  there are



Figure 4. Schematic representation o f  the four proton 
tunneling m odes in KDP and ADP.
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four one dim ensional m odes (represented  schem atically  in F igure 4)

which transform  accord ing  to the irreducib le  representation of

The hydrogen m otion  can be decom posed  into the + E species

of D . The A m ode is Raman inactive but the B and E m odes can 2d 2 2

couple to lattice m odes of the same sp ecies . Evidence of this coupling

is seen in the low energy wings of the A D P and KDP room  tem perature

spectra  of Figure 5. These m odes are  associated  with the polarization

fluctuations in the crysta l to be d iscussed  in the next chapter.

The g ross  w ing-like features of the y(xy)x and the y(xz)x  spectra

of F igure 2 below about 150 cm"^ for A D P are  very  sim ilar in shape

and transform  as the e le ctr ic  polarizations P and P (a n d /or  P ),z X y
g

resp ective ly . Kaminow and Damen first  reported  a s im ilar  structure 

in the y(xy)x spectrum  of KDP as being due to polarization fluctuations 

ch a ra cter is tic  of fe r ro e le c tr ic i ty  (i. e. , the fe r r o e le c t r ic  m ode). 

Analogously, we attribute the low energy wings of Figure 2 to 

polarization fluctuations associated  with an tiferroe lectr ic ity  in ADP. 

The general shape of the low energy wings of the B^ and E spectra  of 

A D P are  seen to be quite s im ilar . In KDP, however, the wings in the 

B^ and E m odes are  quite d iss im ila r . This d ifference  between the 

A D P and KDP spectra is probably due to the fact that the anisotropy 

in A D P due to the an tife rroe lec tr ic  m ode has a "spatial p er iod "  about 

the size of the unit ce ll. To the 4880A light A D P would appear quite 

isotrop ic  insofar as the polarization is concerned. The fe r r o e le c t r ic  

m ode in KDP at k = 0 on the other hand produces a long wave



Figure 5. y (xy)x and y(xz)x  spectra below 300 cm  
for  A D P and KDP, Numbers on vertica l 
sca le  are photon counts and on the horizontal 
sca le  are  c m ” .̂ The fa ctor  of 6 .7  multiplying 
the sca le  of the y(xy)x spectrum  of ADP 
com pensates for  the polarization dependence 
in the spectrom eter  transm ission .
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anisotropy in the crysta l for  which our 4880 A light is an ideal 

probe. Hence in KDP, Raman scattering is sensitive to the anisotropy 

whereas in A D P it is not.



C H A P T E R  III

TEM PERATURE DEPENDENT POLARIZATION FLUCTUATIONS IN

NH H^PO, AND KH^PO,4 2 4 2 4

The p ara le lectr ic  to fe r r o e le c t r ic  phase transition which occu rs  

in KDP at about 122® K has been a subject of interest fo r  many y ea rs . 

During this time the m echanism  responsib le  for  the transition has r e -

mained a m atter of speculation. It is w ell established that the four

hydrogen ions in the prim itive ce ll  play an important ro le  in the phase
9

transition m echanism . This information is based  partially on the 

v ery  large  hydrogen isotope effect on the transition temperature T^. 

KH^PO^ undergoes its phase transition at 122°K while deuterated KDP 

(K D ^PO J has its phase transition at 213°K. Neutron d iffraction  studies 

had revealed  that the hydrogen m otion in the lattice was a lm ost 

exclusively  along its bond axis which in turn is virtually perpendi-

cular to the c -a x is  of the KDP crysta l.  Other studies revealed

that there was no appreciab le  isotope effect in the saturated d ie lectr ic

20polarization. X -r a y  d iffraction  data have shown that in the f e r r o -  

+ 5+ 2-e le c tr ic  phase K , P and O ions are  displaced  paralle l to the 

c -a x is  relative to their sym m etric  positions in the parae lectr ic  

phase. These d isplacem ents have been shown to adequately account 

for  the observed  magnitude of the saturated polarization. It was, 

therefore , apparent that this hydrogen m otion  could not d irect ly  a c -

count for  the fe r r o e le c t r ic  polarization  along the c -a x is  of the crysta l.
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5 4N evertheless , de Gennes, Blinc and others devised  a pseudo-

spin m odel fo r  the tunneling m otion of the hydrogen ions in a double 

w ell potential. The large  isotope effect on the transition temperature 

could be accounted for  with this m odel because of the dependence of 

the tunneling frequency on the m ass of the hydrogen ion. However, 

the m odel could not account for  the polarization being perpendicular 

to the hydrogen motion, or for the lack of isotope effect on the 

saturated polarization.

9
In 1968 , Kobayashi proposed  a theory which admitted a

coupling between the hydrogen tunneling m ode and an optical phonon

+ 5+ 2-
m ode involving the m otion of the K , P and O parallel to the

crysta llographic  c -a x is .  This is to say, the proton position in the

*f 5"1"double w ell could be d irectly  related to the positions of the K , P , 

2 -O ions in the fe r r o e le c t r ic  phase. As the hydrogens in a region 

of the crysta l tunneled between the two w ells , the polarization of the 

crysta l could flip between its two possib le  directions along the 

c -a x is .  Thus the frequency of one of the coupled m odes could tend to 

zero , or becom e soft, as the curie  tem perature is approached from  

above due to the"collective ordering"of the hydrogens at this tem per-

ature.
g

In 1968 Kaminow and Damen reported  making the first

observation  of an overdam ped soft m ode in the B^ spectrum  of KDP

21 , 22by Raman scattering. M ore  recently, W ilson and Cummins did
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a s im ilar but m ore  detailed Raman study of this m ode. Ryan , et.al., 

have included the coupling of the over damped m ode with the 

c losest  optical m ode in KDP and A D P at room  tem perature. The 

asym m etry  in these lines suggests that the coupling should be con-

sidered . The KDP work of Ryan, e t .a l .  , was only at room  tem p er-

ature and the only param eter they rep ort  is the relaxation time for 

the over damped m ode. They a lso  report  the tem perature dependence 

of the Debye relaxation time for  both the B^ and E m odes in ADP.

The re sea rch  presented in this section , independently, r e -

presents an investigation of the overdam ped m odes in A D P and KDP. 

Tem perature dependent experim ental spectra  of the B^ and E m odes 

below 300 cm   ̂ in both A D P and KDP w ere  taken. Their dynamic 

behaviors are probed from  both above and below the phase transition 

in KDP and only from  above in ADP. Results are  analyzed only for 

the B^ m odes in both A D P and KDP for  tem peratures approaching the

2 3

transition from  above. The spectra are fit to a two coup led -m ode

24harm onic osc il la tor  function using a least squares fitting program  

This is the f ir s t  time that the coupled m ode prob lem  in KDP has been 

studied as a function of tem perature. The B^ study fo r  A D P copes 

with the optical m ode coupling as a function o f  temperature as does 

the work of Ryan, et. al. , but our m ore  com plete data and p rec is ion  

in tem perature control allows a m uch im proved analysis.
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Spectral Analysis

The coupled proton-optica l-phonon m odes of the crysta l are

Raman active as well as infrared active. It is therefore  possib le  to

observe  this m ode coupled to the proton tunneling system  using Raman

sp ectroscop y . The power spectrum  Q(w) of the fluctuations in q is

related to the im aginary or dissipative part of the d ie lectr ic  sus-

25, 33ceptibility through the fluctuation-dissipation theorem . ' The 

Raman spectrum  for  Stokes transitions is then given by (Appendix II)

F..(co) = A ' 1 1̂  Q(a>)

= A ' [n(u)) + 1 ] 1 ^  1 X"(0))

w here is an element of the e lectron ic  polarizability  tensor, z is 

an effective  charge, q is a norm al m ode coordinate, x"(co) is theiC
f>CJ -1imaginary part of the d ie le ctr ic  susceptibility  and n(co) = (exp— ; - 1)

is the B ose  factor . The data w ere  fit to the function F(cj) =

R[n(u))+1] Imx(o)), where x(<̂ ) i-s the com plex  susceptibility  of two

damped harm onic osc i l la tors  which are coupled together.

The imaginary part of the com plex  susceptibility can be com - 

26pactly expressed  in term s of the two m ode coupling G reen 's  function

G..(co) and the m ode strengths P., P. as
1 J

Im (go ) = Im?. P. P-G-.(co)ij 1 J iJ

The term s G..(go) can be determ ined from  the coupled m ode equation
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2 2(u) - w + icoF )a a

A

^^11 ^ 2 “1 r l 0 -1

-0 1 -

The solution to this equation gives the following expression

2 2  ̂ _
CO, -  CO + ICO 1 ,b bG

11 2 2 . 2 2 . »4
(cO -CO +icoF )(oO, - 0 0  +icor, ) - Aa a b b

G

2 2  ̂ „
CO -  CO + ICO i__________a________________ a______________

22 " , 2 2 , . _  , . 2 2  ̂ . „  . . 4
(co -CO + i c o i  ) (co, -CO + ic o i  , ) -  ¿A a a b b

°1 2 = °Z 1
■ A

/ 2 2 . . , ^ , ,  2 2 , . . ^ ^  . 4
(co -CO + icoF  )(co, -CO + ic o r  ) -  AA a a b ' b

There are  seven adjustable param eters involved in the fit of the Raman

2
spectrum  to this function. They are  R, P, / P  , co . co, , F /co ,b a a b a a

r ,  , A .  R is a norm alization constant and P / P  indicates the b b a
2

strength ratio of the optic mode to the overdamped mode. T /  co = T
3, 3>

and are resp ective ly  the Debye relaxation time of the overdamped 

m ode and the width of the optic m ode. A  is the coupling param eter 

between the overdam ped and optic m odes and has the dimensions of 

inverse  time.

Computation

F(co) is a com plicated  function and it was m y experience  that 

the initial guesses  of param eters needed to be quite accurate  for  the



program  to converge on the observed  data points. Part of the problem  

in the fit is with the coupling constant param eter A  . This appears in 

the equations in the form s A  and A  . Apparently som e of the early  

w orkers  in the coupled m ode problem  ignored the term s involving A ^ .  

This greatly  sim plifies  the resulting function. The values obtained fo r  

A i n  the cases  of A D P and KDP do not justify dropping the A  term  

which is com parable  or larger  than • T here fore , if is

dropped, the resulting m odel function no longer correspon ds to the 

coupled harm onic osc i l la tor  problem .

N um erically , the effect of the A  term  can be seen in Figure 6. 

Figure 6 shows the com puter fit to the m ode of A D P at 147° K by 

neglecting the A ^  term . The bottom plot in the same figure is the 

exact function F(co) using the fitted param eters obtained. Even though 

the fit in F igure 6 is good the param eters obtained by neglecting the 

A  term  are  c lear ly  unacceptable for  the exact function F(cj). By
4

keeping the A  term  in the fit program , a different set of param eters 

m ay be obtained, and the two sets of data are com pared  in Table II. 

The quality of fit num erica lly  is about the same in the two cases, but
4

only the parameters fit to the exact expression ( i . e . ,  keeping the A

term s) are  meaningful on physical grounds.
4

When the A  term s are  kept, the program  is v ery  sensitive to 

the initial guesses of param eters . One way to com e up with a set of 

initial guesses  is to use the param eters obtained in a least-squ ares

a 4fit by neglecting the A  term . One then obtains new sets of

a 4param eters by gradually turning on the strength of the A  term . This

37



Figure 6. The top graph shows the quality of fit which can be
achieved in the coupled m ode problem  when term  
is ignored. Dots are data points and the c r o s s e s  are  
calculated points.

The bottom graph shows the result o f  using the 
param eters obtained above in the exact coupled 
m ode equation where the A ^  term  has been 
retained.
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Table Z. C om parison  of lea se  squares fit param eters obtained including A  (in top row) and
neglecting it (in bottom row) in the coupled m ode prob lem . The sample is A D P at 
about 147° • Param eter values for  oja, w ^ /P ,  T and A  can be converted  to c m ” ^
by multiplying by 5 /3 .

R P ^ /P CO r  ¡J 'a a CO, Ab a a b b

( -6 .0 6  + . 5)xl0^ 0. 248 + . 005 78 .7  + . 5 0 .0215 + .0005 117. 8 + . 5 9 .89  ±  . 5 6 6 . 9 ±  . 5

( -1 .3 7  + .  5)xl0^ 0.0206 + .0005 6 8 . 3 + .5 0 .0298 + .0005 117. 6 + .5 17.3 + . 5 270. + . 5 4̂o
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way an acceptable set of initial guesses of the param eter may be 

derived  and used fo r  the exact function.

The fact that the A  term s must be kept means the optic and 

overdamped modes are strongly coupled, i. e. , the values of A ,  co
SL

and 00, are com parable . The result of our analysis of the B m odes b ■‘i

of KDP and A D P for  tem peratures above the phase transition are 

sum m arized  in Table III. It is interesting to note that the value for 

A  is reasonably  tem perature independent.

KDP Results

The analysis of the coupled m ode of KDP fo r  tem peratures

approaching the phase transition from  above yields plots of l / x ( 0 ) ,

2
00 and T /T  as a function of tem perature as shown in F igure 7. Like

the original work of Kaminow and Damen, we plot 1 /x (0 ) in arb itrary

units. The striking feature of the plots in Figure 7 is that all
2

quantities 1 /x(0)> w and T / T  vary linearly in tem perature ascL

(T -T  '), with different values of T ' for  each quantity plotted. The 
c c

static susceptibility  associated  with the coupled m odes can be easily  

derived  from  the Green's Function expression  presented ea r lier . The 

result is

X(0) . 3. 3 -
/ 2 2 ^4,

where again the a subscript re fe rs  to the overdam ped m ode.



Table 3. P aram eters  derived  from  the least squares fitting program  as a function of tem perature 
for  A D P and KDP. The param eter values fo r  Ua^^a' “ b ’ ^b ^  con -
verted  to cm"^ by multiplying the listed  number by 5 /3 .

A D P 2

T emp. P ( l )  = R P(2)=P, /P  b a P(3) = w
cl

P(4)=r a a P ( 6 ) . r ^ P (7 )= A

229*K ( -6 .  l+5)x l0^ 0 .2 0 0 + .005 9 0 . 2 + .5 . 0175+ .0005 1 1 3 .5 + .5 1 3 .2 + .5 71. 3+.5

198» -6 .23x10^ 0.220 85. 0 .0185 115. 5 12. 1 6 9 . 4

173” -5 .  37x10^ 0.228 82 .0 . 1094 116. 1 10. 4 6 8 . 4

166’ -5 .37x10^ 0.240 80. 1 . 0201 116.8 10 .4 67. 6

162.5° -5 .  52x10^ 0.235 8 1 .3 . 0 1 9 9 115. 8 10. 3 6 8 . 6

156’ -5 .58x10^ 0.240 7 9 . 8 . 0208 116.9 10 .4 67. 5

154’ -5 .60x10^ 0.242 7 9 . 8 . 0207 117. 4 9 . 70 67. 6

152» -5 .25x10^ 0.255 77. 3 .0 2 1 1 117. 7 9 . 66 65. 9

151» -5 .55x10^ 0 .246 80 .2 . 0215 117. 5 10 .2 67. 0

1 4 9 .8» - 6 . 02x 10^ 0 .246 78. 7 . 0215 117.4 1 0 .0 0 6 6 . 5

149. 4» - 6 . 09x 10^ 0.245 7 9 . 2 . 0212 117. 5 9 .98 67. 4

147. 9» -6 .06x10^ 0.239 7 9 . 2 . 0219 117.0 9 . 63 66 .9

147’ -6 .06x10^ 0.248 78. 7 .0215 117. 8 9 .89 66 . 9

KDP B2

2 9 2 . 5» ( -7 .  07+. 5)xl0 .0596+.005 7 9 . 4 + .5 .0252+.0005 9 4 . 0+ . 5 4. 6 3 + .5 67. 3 + .5

244 ’ -7 .18x10^ . 0525 73. 4 . 0255 9 4 . 8 3. 88 6 8 . 8

ro



Table 3. ( Continued)

T emp. P (l )  = R P(2)=P^ /P  b a P(3) = 0)a P(4)=ra' a P(5) = 0)^ P (6 ) = r  b P(7) =i

154 6-7 .7 8 x1 0 . 0935 54. 7 .0341 100 . 9 2 . 82 68 . 6

151 -7 .74x10^ . 0906 54. 5 . 0346 100 . 6 2.77 6 8 . 8

147 -8 .84x10^ . 104 53. 0 .0368 101 . 6 4. 02 6 8 . 9

141 -8 .06x10^ . 0999 52.0 .0368 101.4 3, 19 6 8 . 6

133 -8 .07x10^ . 105 49.9 .0397 102.3 3. 14 6 8 . 6

128 -8 .17x10^ . 109 49. 1 .0418 102.4 3. 22 6 8 . 8

124 -8 .05x10^ . 129 47. 9 . 0453 103.4 3. 79 6 8 . 0

4̂to(u



Figure 7. KDP graphs of the inverse  static d ie le ctr ic  susceptibility  1 /y (0 ) (actually P /  y(0) is 
plotted), the square o f  the overdam ped m ode f r e q u e n c y , a n d  the tem perafiire- 
weighted r e c ip ro c a l  Debye relaxation time T /T  = T co ^ / F  for  the overdam ped m ode.



1/X(0) farb itrary  units] ; CO [ l 0 ( c m  ) ]
0 .5  1.0   ̂ 1.5 2.0
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The transition tem perature obtained fro m  the l /x (0 )  plot yields
g

T =116°K in good agreem ent with result of Kaminow and Damen,

2 1and W ilson and Cummins to within the a ccu racy  of m y temperature 

m easurem ent (+^1°K).

The effect of the proton-phonon coupling produces a linear

2
tem perature dependence on the soft (overdam ped) m ode frequency» w&

1 22D isplacive  fe r r o e le c t r ic s  show sim ilar  behavior. ’ This is contrary 

to the conclusions o f previous experim enters . They (Kaminow, et. al. ,

and Wilson, et. al. ) have ignored the proton-phonon coupling. The
2

in ferred  transition tem perature fro m  the u plot is T ' = 30“ K.
3i C

The tem perature dependence of T /T  is again linear which is

different from  that given by Kaminow and Damen. This linear

2
dependence is expected because to o ;(T -T  ') and F aT in the

Si C

anharmonic osc i l la tor  approxim ation. The in ferred  transition 

tem perature is yet different, T " = 70° K.

The fact that the transition tem peratures extrapolated from  

various dynamical param eters are  different from  the true transition 

tem perature (122°K fo r  KDP) is not entirely unreasonable. It is not an 

uncom m on situation: the extrapolated tem peratures have been dif-

ferent fro m  the true T by about 40° K in PbTiO^ and about 70° K in 

CsH^AsO^. One way to account for  this anomalous behavior is to 

treat the short lifetim e of the so ft -m od e  excitations as suggested by 

Cowley, et. al.
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The data for  the coupled E m ode, and the m ode below the 

transition in KDP are not analyzed h ere . Due to the extrem e o v e r -

damping in these ca ses , the data may be fitted to a sim pler m odel

28 29due originally  to Breit and Wigner. Scott has recently  analyzed 

these spectra .

A D P Results

30In analogy with anti-ferrom agnetism , the c r it ica l  m ode r e -

sponsible for  the transition from  above is the zone-boundary m ode. 

Raman data which probes the zon e -cen ter  m ode gives com plim entary 

information about the transition. The "soft  m od e"  below the phase 

transition m ay be probed by light scattering. Unfortunately the A D P 

crysta l shatters below  the transition temperature which makes the

usual experim ent im possib le .

/ 2 ,The param eters l /x (0 ), cj , and T /T ob ta in ed  from  the analysis3.

of the B^ m ode of A D P as a function of temperature are plotted in

Figure 8 . Again, a straight line can be drawn fo r  each plot with
2

good accu racy . We do not extrapolate T 's for  l /y (0 )  and to , because ̂ a

the zon e -cen ter  phonons in the h igh-tem perature phase do not n e ce s -

sarily  give d irect  information of the phase transition in an anti- 

f e r r o e le c t r ic .  A  transition tem perature is extrapolated from  the

T /T  plot, however for  com parison .

23
Ryan et. al. , reported  only T /T  plots. Besides possib le  

d isagreem ent on tem perature m easurem ents, the extrapolated



Figure 8 . A D P graphs of the inverse  static d ie le ctr ic  susceptibility  l/x.(0) (actually Pa /X (0 )  is 
plotted), the square of the overdam ped m ode frequency, and the tem perature-
weighted re c ip r o c a l  Debye relaxation time T /T  = T CJ. ' /  for  the overdam ped m ode.



l /x(0)  [arbitrary units] ; T /T  [l 0 "̂  ̂ ° K / s e c ]
H- t\) (jO U1

Si'
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tem perature in this report is 58° K in contrast to their value of Z9°K.

It is seen that a straight line can be drawn accurately  for T /  T in 

Figure 8 . The scatter of the only five  data points in Ryan,, et. al. , 

m akes the reliability  of their straight line questionable.

The tem perature m easurem ents in this resea rch  have been 

carefu lly  made. The tem peratures at different positions in the crysta l 

w ere  m easured  and a variation of about 2 °K  was found between the 

extrem es . A therm ocouple situated about 3 m m  away from  the scat-

tering volum e m easured  the tem perature of the scattering volume 

w i t h i n 1 ° C .  A sequence of the E spectra  of A D P at different 

tem peratures is shown in Figure 9. Comparing these to the c o r r e s -

ponding spectra of Ryan, et. al. , one would conclude that their 

reported  temperature values w ere  perhaps low er than the true tem per-

ature of the scattering volume of their sample, or that their resolution 

was p oorer  than reported.

The coupling of protons and opticF.l phonons in the E spectra, 

although m ore  com plex, can be analyzed as w ell. Such analyses are 

in p rog ress ,  but the results will not be reported  here.



Figure 9• ADP E mode 
tures

[y(xz)xj spectra at severa l tempera- 
Resolution is 4 c m “  ̂ at 4880 A.
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CHAPTER IV

CONCLUSIONS

Clearly , severa l o f  the questions posed in Chapter I of this 

d issertation  have been answered in the course  of the resea rch  p re -

sented here . Five of the six Raman active optical lattice m odes p re -

dicted by group theory have been positively  identified in both A D P and

KDP. In addition, interesting observations have been made of the

3-
splitting of the ( PO^) ion m odes under the loca l crysta lline  field  of 

S^ sym m etry  in these crysta ls .

The broad m odes associated  with polarization fluctuations in ADP 

have indeed been observed  in both the and E spectra. Furtherm ore, 

the need to consider the coupling between the proton tunneling m ode 

and the optical lattice m ode of the sam e sym m etry  has been confirm ed 

in both A D P and KDP. In fact, the strength of the proton -optica l“ 

phonon coupling was found to be com parable  to the phonon frequencies 

and could not be considered  as a perturbation on the two osc illa tor  

sy s te m s .

The results for  the overdam ped m ode in KDP behave as though 

the crysta l is a d isplacive fe r r o e le c t r ic ,  showing the linear temperature 

dependence of the square of the frequency . The quantities T/T and3.

1/X(0) a lso  vary  linearly  in tem perature as expected. The extrapolated
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transition tem perature from  each of these param eters , T /T  and 

l/x (0 )»  is different. This is a sim ilar result as observed  in 

CsH A sO  . A sim ilar analysis was ca rr ied  out in A D P  and the re -  

suits while in qualitative agreem ent with other rese a rch e rs ,  r e p re -

sented an im provem ent in reliability .

Several aspects of the Raman spectra obtained for  A D P and 

KDP warrant further investigation. The extent to which coupling occu rs  

between the E species  tunneling m ode and the lattice m odes of that 

sym m etry  needs to be determined. This study is presently in p ro -

g re ss .  A D P shatters when passing through the phase transition but 

Raman studies below  the transition could still be ca rr ied  out by 

utilizing powdered sample techniques.

The line shape anom alies mentioned in Chapter I are presently 

under investigation by other m em b ers  of our quantum e lectron ics  

re sea rch  group.
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APPENDIX I

A D P -K D P  STRUCTURE

D iscu ssion s of the structure o f crysta ls  A D P and KDP m ust be 

broken into the tem perature reg ion  above the phase transition  and the 

tem perature reg ion  below  it.

KDP A bove the T ransition  T em perature

The crysta l KDP in its p a ra e le ctr ic  phase can be con sidered  as

consisting  of K^ and (H PO ) ions as its elem entary constituents.

There a re  two K^ ions and two ions per prim itive  unit ce ll.

The crysta l is o f the body center tetragonal structure as is easily

seen in F igure 1. The solid  c ir c le s  which denote (H^PO^) ions can

5+
be con sidered  to locate  a phosphorus ion P which is tetrahedrally  

surrounded by the four oxygens. If one of these phosphorus ions is 

located  at the origin , then another one is located  at (0, ;|) in an

(x, y, z) system  of coord in ates. These two phosphorus ions are not 

equivalent. The nearest neighbor equivalent phosphorus to the one 

at (0, 0 ,0 ) being located  at (-|, ^), j )  and (-1-, |).

Som e details of the hydrogen bonding in A D P and KDP are 

im portant in m y resea rch . It can be seen in F igure 1 that the KDP 

and A D P crysta ls  can be view ed as having two in terlaced  body 

centered  lattices o f ( PO ) tetrahedra. One is located  at (0, ;|)



re la tive  to the other. The hydrogen bonds are  oriented  nearly  p ara l-

le l to the X or y crysta llograp h ic d irection  and th erefore  nearly 

perpendicular to the c -a x is . Each hydrogen bonds an oxygen at the 

top o f one tetrahedron to an oxygen at the bottom  of a tetrahedron in 

the other sublattice (F igure 10).

The vibrational m odes in this crysta l con sist of three distinct

+ 3-types. Lattice m odes due to the relative  m otion  of the K and
3_

ions is one type. The internal vibrations of the com plex  is

another and the m otion o f the hydrogen ions along their bond d irection  

is yet another. Neutron d iffraction  studies have detect the elogation 

of changes in one dim ension near the hydrogen position . This could 

be due to either a centra lly  located  hydrogen ion undergoing an iso-

trop ic m otion  or to two half-hydrogens m oving in a double m inim um  

potential between the two oxygen ions. The double w ell potential 

a ssocia ted  with the two half-hydrogens is presently the popular m odel 

fo r  the hydrogen bond in KDP.
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KDP Below  the Transition  T em perature

At tem peratures below  about 122° K KDP has orthorhom bic

,19
2Vstructure with the unit ce ll sym m etry  correspon din g to the C

point group. In this state the crysta l is fe r r o e le c tr ic  with the P^^

ions being shifted slightly p ara lle l to the c d irection  of the orig in al

tetragonal structure. A related  feature is that the hydrogen ions are

now collectively  ord ered  in the potential w ell nearest to the lower (or higher)

3_
oxygens in the 1^0^ tetrahedra.



Figure 10. P ro jection  of the (PO^) sublattices on the (0, 0, 1) 
plane. Dotted lines represen t hydrogen bonds. Sub-
scrip ts  co rre la te  to the inequivalent sites at F igure 1.
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A D P  A bove the T ransition  T em perature

A bove about 147°K A D P is p ara e lectr ic  and has the sam e basic  

struchare as p a ra e le ctr ic  KDP. The sites of ions in KDP de-

signate the positions o f the ions in AD P. A lso , the dim ensions
o o

of the unit ce ll are given by a = 7. 510 A and c -  7. 564 A, In other 

resp ects  the p a ra e lectr ic  A D P and KDP are structurally  the sam e.

A D P Below  the T ransition  T em perature

Below  the phase transition  A D P is a n tife rroe le c tr ic  and be- 

4 20longs to the D^ space group. Since the A D P crysta l shatters 

below  the phase transition, there has been little  interest in this 

phase to date.



APPENDIX II

RAMAN SCATTERING

D escrip tive

If a beam  o f m onochrom atic light is shone into a transparent 

substance, scattered  light can be observed  emanating from  the i l -

lum inated path. T ypica lly , m ost of this scattered  light is due to 

im purity scattering (R aleigh Scattering) in which case the scattered  

light has the sam e frequency as the incident light or it is resonantly 

absorbed  and reem itted  at a frequency equal to or low er than the 

incident frequency  (flu orescen ce ). There is an additional and 

intriguing contribution  to the spectrum  of scattered  light, how ever.

A sm all fra ction  of the incident light is in elastica lly  scattered  from  

the sam ple in such a way that it shows up as sidebands sym m etrica lly  

d isp laced  on the high and low  frequency sides of the incident f r e -

quency. The sym m etrica l d isp lacem ent o f the sidebands in frequency 

im plies sym m etrica l d isplacem ent in energy. The energy shifts 

corresp on d  to ch a ra cter is tic  energies within the sam ple. That is, 

the incident radiation interacts with the sam ple in such a way as to be 

scattered  with com ponents som e of which are shifted up and others 

which are  shifted down by frequ en cies ch a ra cteristic  of the sub-

stance. This is usually re fe rre d  to as Raman scattering. The low
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frequency  com ponent is re fe rre d  to as Stokes radiation, while f r e -

quencies elevated from  the incident frequency are  re fe rre d  to as 

antistokes.

In som e cases norm al m ode vibrations within the sam ple are 

resp on sib le  for the Raman shifted spectrum . The energy shifts can 

then be related  to the spring constants associa ted  with the bond in-

volved  in the vibration , i. e. ,

2

m

w here w = vibrational frequency  = Raman shift, k is the spring 

constant and m  is the e ffective  m ass associa ted  with that vibrational 

m otion.

Not all norm al m ode v ibrations can give r is e  to a Ram an shift, 

how ever. Certain sym m etry requirem ents m ust be m et if a particu lar 

m ode is to be Raman active (g ive r is e  to a Ram an shift).

If we con sider an induced d ipole m om ent in a crysta l, we can

w rite

( 1) m. = a ..E . 
1 J

w here P. is the e le c tr ic  d ipole m om ent per unit volum e, a . . is a 

genera l elem ent o f the polarizability  tensor fo r  the crysta l and E. is 

the applied e le c tr ic  fie ld . If the applied e le c tr ic  fie ld  is due to the 

incident light and th erefore  at optical frequ en cies , we can consider
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a.,  to be com posed  of two parts, nam ely:

( 2 ) a.. ~ a., (ion ic) + a.,  (e lectron ic)

w here (ion ic) is the p o la rizab ility  due d irectly  to thè d isplacem ent 

of the ion co res  in the lattice  induced by the applied e le c tr ic  fie ld  E. 

The a.,  (e le ctron ic ) com ponent is due to the d isp lacem ent of the 

e lectron  cloud by this sam e e le c tr ic  fie ld  E. The m asses involved 

in the ion co re s  prevents them from  follow ing the bptical frequency 

e le c tr ic  fie ld . The e lectron s, how ever, can fo llow  the optica l f r e -

quency fie ld . F or this reason  I w ill con sider only the e lectron ic  

contribution to the polarizability  tensor in the rem ainder o f this 

thesis. I w ill a lso  drop the (e le ctron ic ) label.

In general, the e lectron ic  polarizability  o f a crysta l w ill be a

function o f the norm al m ode coord inates q^. If a . is expanded as a
ij

function o f q^, we have

(3) n.. = (a ..) + \ ^ A \  q . +1ij ij - 1 d a l  i  \9q 9a  / ^m + • • • •
'q ,= 0

qj=0. q^=0

w here the sum m ation convention is im plied  by the repeated index. 

I w ill con sider the firs t  two term s. Substituting equation (3) into 

equation (1) we have
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(4) m  =i (a..) +
■j q_f=o

E.

(a . .) n ^. 13 q^=o 2

/ 8 a  \
iq< « + q , '  >

h r °

E+ e “ ‘ + E ’ e ’ “ '

w here the tim e dependence of the phonon coord inates and e le c tr ic

fie ld  have been included in term s of co * andco, resp ectiv e ly . The

(a ..) « term  gives r is e  to scattering only at the frequency  to of
ij qjf=b , .

dor,,
„ term  is the sou rce  o f Ramanqj=0the incident light. The

shifted radiation , as it p rodu ces sum (to 4 d i f f e r e n c e  (to -co^) 

frequ en cies  in the resulting product. The Raman E ffect is then seen 

to depend upon a n o n -zero  f ir s t  ord er  change in the e lectron ic  

p o la rizab ility  with resp ect to the phonon coord inates.

due to

The Raman radiated energy per unit solid  angle per unit tim e
da. . , __i \ . 2 2' IS
aq  ̂ /qj=»

E. .(co , Aco) = Aco
. ¡da..
4 ,/ _u.

8q_, / q , = o  0
■Q(A<o)

using the fluctu ation -d issipation  theorem . 22, 23

= Aco
9«i^

9q^ =0 “ 0
’[n(Ao)+l]x"(Au).

The quantity A is a constant, E^ is the am plitude of the incident

e le c tr ic  fie ld , Q (A co) is the pow er sp ectra l density of the fluctuations
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in phonon coord in ates, n(Acj) is the B ose fa ctor  and x!'(«, ) is the

im aginary part of the d ie le c tr ic  susceptib ility  a ssocia ted  with the 

phonon m ode, i  .

E xperim ental

The Raman Spectra w ere  taken with the apparatus sch em atica lly

represented  in F igure 11. Sam ple illum ination was accom p lish ed

with an A rgon  Ion la ser  operated at 0 .5  Watts at a wavelength of 
o

4880 A . This la se r  has a se lf stabilizing feature and internal power 

m eter . On a 0 .5  Watt = half Scale reading, no power fluctuation 

could be observed  in the la ser  output. The incident polarization  

could be con tro lled  by m eans of a polarization  ro tor  built into the 

la ser  fram ew ork . Incident light was focu sed  into the sam ple with a 

6Z m illim eter  fo ca l length len se . Scattered  light was co lle cted  by a 

10 cm  foca l length lense which was aperatured down to f /d .  The 

scattered  light next passed through a p olarization  analyzer which de-

fined the polarization  to be allow ed into the sp ectrom eter . B efore  

entering the sp ectrom eter , the polarization  was scram bled  to e lim in -

ate the polarization  dependence of the tran sm ission  of the sp e ctro -

m eter . A  one m eter C zern y -T u rn er double sp ectrom eter was

operated with slit widths correspon din g to about four wavenum bers

-1 °(cm  ) reso lu tion  at 4880 A .

The scattered  signal was detected  with a photom ultiplier tube 

with an S-20 resp on se . This tube was cooled  to 0® Centigrade at



Figure 11. Schem atic o f the Ram an experim ental system .
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which approxim ately  four dark counts per second  w ere  observed .

The signal from  the photom ultiplier tube was am plified  and photon

31, 32counting techniques w ere then applied. ’ The sp ectrom eter was 

advanced through the spectrum  continuously while the m ultichannel 

analyzer was advanced in through the channels in steps. The m u lti-

channel analyzer dwell tim e varied  from  two to eight se c . per channel 

depending upon the available scattered  signal and the drive  speed of 

the sp ectrom eter .

Tem perature dependent studies w ere  ca rr ie d  out using a

C y ro -T ip  re fr ig e ra to r  which u tilizes the Jou le-T hom pson  effect in

coolin g . The gas used in the re fr ig era tion  cy c le  for  these studies

was nitrogen. T herm al contact betw een the sam ple and the cold

finger of the reg r ig era to r  was a ccom p lish ed  using Dow Corning 200

fluid . The tem perature was m on itored  with C ooper-C onstantan

therm ocouples attached sim ultaneously to the sam ple and the co ld

fin ger. The resulting spectrum  was then typically  record ed  with an

x -y  plotter and punched on paper tape. The tem perature dependent

24data w ere then fit using least squares fitting program  and relevant 

param eters extracted .
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