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INTRODUCTION 

In an attempt to imderstand the structures and phase transitions 

of solid phosphine (PH-) and solid heavy phosphine (PD ) , the near and 

far infrared spectra of solid PH and PD have been obtained. In addition, 

the respective phase transitions of both substances have been measured 

as a function of time and temperature. The purpose of this thesis 

will be to analyze the obtained spectra and phase transitions and to 

postulate the most probable structures of solid PH- and PD-. 

A successful analysis will yield the synmetries possible in the 

unit cell of the solid. Once these symmetries are known, the structure 

of the unit cell can be established. Because sycmetry considerations 

will be essential to the analysis, the theory of molecular and crystal 

symmetries will be briefly discxissed in Chapter I. 



CHAPTER I 

THEORY AND PREVIOUS STUDIES 

Symmetry Operations 

The theory of molecular symmetry considers the rearrangement of 

the geometrical framework formed by the atomic nuclei of a molecule. 

The molecular framework can be rearranged by rotations, by reflections, 

or by a combination of rotations and reflections. The operations of 

rotation and reflection are called symmetry operations. The application 

of a symmetry operation to a molecule results in the movement of the 

molecular framework to a new position, which is physically indistinguish

able from the original position. Thus, the physical properties of a 

molecule are not affected by a symmetry operation. Appendix I lists 

the five types of symmetry operations along with a description of each. 

If a symmetry operation rotates or reflects a molecule into itself, 

the center of mass of the molecule is unchanged. Furthermore, if a 

molecule has a plane or axis of symmetry, its center of mass must lie 

on this plane or axis. All of the axes and planes of symmetry of a 

molecule must therefore intersect in at least one common point. Since 

this one point remains fixed under all symmetry operations, the symmetry 

group of a molecule is called its point group. The term symmetry group 

refers to the set of symmetry operations belonging to the molecule. 

Crystal Symmetry 

The basic unit of a crystal is the imit cell. The tmit cell is 

composed of a number of atoms with a definite spatial arrangement which 



is repeated from unit cell to unit cell throughout the crystal. 

A point groi^ can be associated with the atoms contained in 

the unit cell. There is a point in each unit cell which is not 

moved by the operations of the point group. The arrangement of these 

invariant points defines the crystal lattice. 

Due to the periodic structure of a crystal, a plane or axis of 

synmetry of any unit cell is a plane or axis of symmetry for the entire 

crystal. If the point group of a unit cell contains an n-fold axis of 

symmetry (see ̂ pendix I), then a rotation C or an iDq>roper rotation 

S about this axis moves the whole crystal into itself. For a crystal, 

the only possible values of n are 1, 2, 3, 4, and 6. Only thirty-two 

groups with proper or improper axes of symmetry exists for these values 

of n. These thirty-two crystallographic point groups are given in 

Appendix II. 

Other S3rmietry operations, in addition to the point group opera

tions are possible in a crystal. These combinations can be expressed 

as two kinds of operations. The first type is a screw rotation; a 

rotation about an axis accompanied by a translation along the axis. The 

second type is a glide plane reflection; a reflection in a plane 

accompanied by a translation along a line lying in the plane. 

The space group of a crystal is formed from the complete set 

of symmetry operations possible for the crystal. The space group 

contains information about the symmetry of the unit cell and the 

aynaaetry of the crystal lattice. There are a total of 230 space groups 

arising from various combinations of point groups and translation groups. 
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Space groups are distinguished from each other by their lattice type 

Ctranslatlon group), their crystal class (point group), and the arrange

ment of their screw axes and glide planes. 

Previous Studies of Solid Phosphine 

2 
In 1937, Stephenson and Giauque established, from heat capacity 

measurements, the existence of four solid phases of PH. (see Table I.l). 

They observed first-order phase transitions at 30.29''K, 49.43"K, and SS.IO'K, 

They also observed a second-order transition at 33.66''R. The transition 

from the a (135.35-88.10°K) to the B (88.10-30.29"K) form was found to 

occur rapidly, whereas the 6 to the y (below 49.43"K) transition was 

extremely slow. The sample had to be held at 40''K for several days to 

obtain complete conversion. This slow transition time makes it possible 

to cool the e form directly into the 6 (below 30.29"K) form without ever 

initiating the transition at 49.32°K. The heat capacity versus temperature 

curves found by Stephenson and Giauque are shown in Figure I.l. These 

curves depict the four solid phases of PH . They illustrate the various 

rates at which the heat capacity changes with temperature. 

Francia and Nixon studied the near infrared spectra of solid 

phosphine in 1972. They investigated PH^ and PD^, as well as PH^D and 

PHD, as impurities in PH and PD respectively. The spectra of the 

four fundamental modes of vibration for PH. and PD^ were recorded as a 

function of temperature. These fundamental modes are given in Table 1.2, 

From these spectra Francia and Nixon concluded that the structures of 

PH and PD- arc the same in the low temperature phase (6). They postu

lated that the crystal structure in this low temperature phase contains 



TABLE I.l 

SOLID PHASES OF PH„ 

Phase Temperature Range ("K) 

135.35-88.10 

88.10-30.29 

below 49.43 

below 30.29 



Figure I.l. Heat Capacity of Phosphine In Cal/Deg Mole 
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TABLE 1.2 

INFRARED FREQUENCIES (cm"-*-) OF GASEOUS PH AND PD 

Region PH, PD 

Vj^ 2322,9 1680.0 

y>2 992.0 727.0 

V * 2327.7 1691.0 

v^* 1122.4 804.0 

*Indlcates double degeneracy 
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five or six sets of symmetry sites with two molecules per site. No 

reference was given regarding the symmetry of these sites. 

The Present Work 

As previously stated this thesis includes the study of both 

the near and far infrared spectra of solid PH and PD-. It also includes 

the study of the impurities PH D and PHD as point defects in the 

PH- and PD_ crystals respectively. The bands of the point defects 

are easily observed in the near infrared and are sensitive indicators 

of phase transitions. Also, under certain conditions (see Chapter III), 

the structure of the point defect bands directly Indicates the site 

synmetry. 

The time Independent correlation function has been determined 

for the far infrared spectra of both PD. and PH.. This function is 

indicative of the order or disorder present in the crystal. 

The study of both the intermolecular and Intramolecular vibra

tions has not been reported by previous investigators of solid phosphine. 



CHAPTER II 

EXPERBIENTAL METHODS 

Near Infrared Region 

The near infrared spectra were obtained with a Beckman IR-9 

spectrophotometer. The IR-9 is a double-beam instrument that operates 

in the frequency range of 400 to 4000 cm~ . In the double-beam mode, 

the radiant energy from the source (Nemst glower) is directed alter

nately through the sample and reference spaces by the action of a 

rotating half-mirror. The beam from the source is thus divided into 

two intermittent beams, one of which follows the sample path and the 

other the reference path. Since the two beams share a common origin 

in the source, limited warpage or misalignment of source elements affects 

both beams equally, and their relative intensity remains unchanged. 

After passage through the reference and sample spaces, the two 

beams are realigned alternately in space by a second rotating mirror. 

The recombined beam is therefore composed of alternate pulses of 

energy that have passed through either the sanq>le or the reference. 

The beam is then diffracted by one of two gratings utilized by the 

IR-9. The first grating (50 lines per mm) is used for the 400 to 

2000 cm" region and the second grating (150 lines per mm) is used 

for the 2000 to 4000 cm region. The diffracted spectrxim then passes 

through the exit to the thermocouple for detection. In the detector 

system, any variation in the beam intensity (indicating uneqxial energy 

in the sample and reference pulses) appears as an alternating signal 

10 



u 
having a strength proportional to the variation. When sample and 

reference pulses are equal in intensity there is no signal. The 

signals from the detector are recorded on a linear strip-chart recorder 

in terms of percent transmittance or absorption. 

Optical Cryostat 

The optical cryostat employed was an Andonian modular liqtiid-

helium dewar with a rotatable tail section designed to fit into the 

4 
optical system of the IR-9. The rectangular shaped tail section has 

circular openings in each of its four sides. Two of the opposite side 

openings were fitted with Potassium Bromide (KBr) windows. The source 

beam passes through the KBr, which is used for its good transmission 

properties in the near infrared region. One of the remaining openings 

was fitted with a glass window and was used for viewing the sample 

window. The fourth opening was fitted with a copper plate which had 

a one-fourth inch copper tube passing through its center. The tube 

opened into the sample chamber of the cryostat and was used for deposit

ing either PH. or PD_. The sample window was Cesium Iodide (Csl). Csl 

has good transmission properties in the near infrared as well as the 

ability to withstand cooling and heating without cracking. 

The temperature of the sample window was controlled by the 

Teflon-plug technique in conjunction with a 20-fl resistance heater 

located directly above the window frame. The temperature was measured 

with a Cryo-Cal germanium resistance thermometer mounted on the 

deposition (sample) window frame. The temperature measurements were 

4 
precise to 0.5''K. 
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Far Infrared Rep;lon 

Far infrared spectra were obtained with a Beckman IR-11 spectro

photometer whose spectral range is 33 to 800 cm"^. The IR-11 is a 

double-beam instrvmient and operates in the same manner as the IR-9. 

There are some differences in the mechanical components of the two 

instruments. The major differences are the gratings, the source, the 

detector, and the usage of transmission filters in the IR-11. 

The IR-11 utilizes four gratings that have 3 lines per mm, 8 

lines per mm, 20 lines per mm, and 50 lines per mm respectively. The 

respective ranges for each of the four gratings is 33 to 75 cm" , 75 

to 150 cm"^, 150 to 350 cm"''', and 350 to 800 cm""''. 

The radiation source in the IR-11 is a 100 watt mercury-vapor 

lamp. Since glass does not transmit infrared radiation of wavelengths 

much longer than three microns, the glass envelope has been removed, 

leaving only the inner quartz bulb. At the shorter wavelengths, where 

quartz absorbs infrared energy, the heated quartz envelope supplies 

the radiation. At the longer wavelengths, the quartz envelope trans

mits the energy from the mercury plasma. The crossover point falls 

somewhere between 100 and 200 cm . 

The IR-11 employs eight turret-mounted transmission filters, 

each used for a particular part of the overall frequency range. These 

filters provide the necessary rejection of higher-order spectral energy. 

A diamond-window Golay detector is utilized by the IR-11 to 

cover the entire operating range. Detector functioning is explained in 

Appendix III. 
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Optical Cryostat 

The far infrared spectra were taken using the Andonian modular 

liquid-helium dewar as described for the near infrared. Two modifications 

on the dewar were made in the far infrared regions. 

The first spectra obtained in the far infrared were PD_. For these 

PD- spectra only the types of windows on the dewar were changed. The 

outer (KBr) windows were replaced with white, high-density polyethylene 

and the deposition window (Csl) was replaced with silicon (Si). These 

windows were used for their transmission properties in the far infrared. 

The temperature was controlled in the same manner as given for the 

near infrared. 

After the first spectra of PD. were taken, the dewar was further 

modified. The liquid-helium tail section was replaced by a newly obtained, 

rotatable helivna-gas-exchange tail section. The modification was made 

to permit better temperature control of the sample window. 

In the gas-exchange system, as compared to the liquid system, 

only helium gas comes in contact with the cold finger to which the 

deposition window is attached. The helivm gas was in a compartment 

surrounded by liquid helium. The temperature was controlled by increas

ing or decreasing the pressure of the helium gas and by using the 20-fl 

resistance heater. 

The pressure of the gas was increased by letting more gas enter 

the dewar from a pressurized cylinder of helium. The gas pressure was 

decreased by mechanical pumping. An increase in gas pressure caused 

a decrease in temperature. As the pressure of the gas was increased. 
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more helium atoms were available for thermal conduction across the 

wall separating the liquid helium from the gas; thus causing a reduc

tion in temperature. Similarly, the temperature increased as the 

pressure was decreased. The temperature was measured with a Cryo-Cal 

germanium resistance therometer calibrated from 4"K to 75''K. 

The spectra of both PD and PH, were taken after the installation 

of the new tail section. 

Preparation of PD. 

The heavy phosphine was prepared in a pyrex high-vacuum line 

by admitting 3 ml of D^O (99.75Z) into a reaction tube containing 

four grams of finely ground Calcium Phosphide (Ca.P ). The Ca.P 

had been heated to 90°C and pumped on with a liquid-nitrogen-trapped 

diffusion pump for one hour to remove PH. and water. It was then kept 

under vacuum (10 to 10 torr) with continuous pumping for at least 

twenty-four hours before introduction of the D.O. Upon introduction 

of the D.O, a mild reaction occurred accompanied by slight warming of 

the reaction tube. The reaction manifold (about 3.6 liters) was not 

disturbed for at least twenty-four hours. During this time a bright 

yellow film appeared on the walls of the reaction manifold. The gaseous 

products were then removed and passed through a -131"C trap (n-pentane). 

The 10-13 mM of material passing the trap were shown by infrared and 

mass spectra to be PD containing 4-5 atom % "^^ which was present as PHD, 

Preparation of PH, 

The PH. sample was prepared in the same manner as the PD, sample. 

The only difference between the two preparations was the introduction 
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of H^O to obtain PH^ instead of the D^O used to obtain PD . The PH 

sample contained 1-3 atom % D which was present as PH D. 

Experimental Procedure 

The procedure followed in preparing to take data was basically 

the same for the near and far infrared regions. The vacuim jacket and 

sample chamber of the Andonian dewar were evacuated to lO" to 10~ torr. 

The dewar was then pre-cooled several hours with liquid nitrogen. After 

the initial cool-down period it was possible to transfer liquid helium 

into the dewar. If the liquid-helium tail section was being used, the 

Teflon plug was opened to allow liquid helium to come in contact with 

the cold finger. For the gas-exchange tail section the pressure of 

the helium gas was Increased to speed cooling of the cold finger. When 

the deposition window reached liquid-helium temperature (4.2''K), the sample 

could be deposited. 

To deposit the sample, the tail section was rotated until the 

deposition window was facing the copper tube through which the sample 

would enter. The PH. or PD. was then slowly let into the sample chamber 

where it condensed onto the cold deposition window. The flow of the 

aaxaple into the chamber was controlled with a needle valve. Before the 

sasqple reached the deposition window, it passed through an n-pentane 

trap (-131"C) to remove any impurities that might have been present in 

the sample. 

The amount of sample deposited onto the window varied depending 

on the type of sample and the spectral region to be studied. The sample 

was deposited and the spectrum taken to see how strong the absorption 
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lines were. The amount of sample was then increased or decreased until 

the absorption lines reached the desired strength. 

After deposition, the sample was heated to 70°K to initiate an 

ordered crystal structure. The annealing time varied from thirty minutes 

to as much as two hours depending on the type and amoimt of sample. The 

sample was cooled slowly to liquid-helium temperature after completion 

of the annealing process. At this point, spectral and temperature 

studies were begun. 



CHAPTER III 

RESULTS, DISCUSSION, AND CONCLUSIONS 

Results: Near Infrared Spectra of PD 

PD^ was deposited in the manner described in Chapter II. The 

sample was annealed for thirty minutes at 70'*K and then slowly returned 

to 6*K, The spectra of the four fundamental modes were then obtained, 

and are shown in Figure III.l (a). 

During the annealing process, it was noticed that the spectral 

bands underwent significant changes in shape near SO'K. Thus the 

sample was heated to 50°K and kept at that temperature for thirty minutes. 

The sample was then cooled to 6"*K and the spectra shown in Figure III. 

1 (b) were obtained. It is clear from a comparison of Figure III.l (a) 

and (b) that the crystal has undergone a phase change. In order to 

determine the temperature dependence of the phase change, the sample 

was slowly heated to determine the temperature at which the disordered 

phase would occur. The crystal changed into the disordered (high-

teoqperature) phase at SO'lH, Figure III.l (c) shows the spectra above 

60*K. The spectrimi of the v, band was not obtained in the high temp

erature phase. 

In order to obtain spectra free of correlation field effects, 

the molecular point defect, PHD„ (point group C^), was studied. Correla

tion field splitting effects are due to interactions of a molecule's 

internal vibrations with internal vibrations of similar molecules in 

the same unit cell of the crystal (see Appendix IV for further description), 

17 
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The PUD^ molecule does not Interact with the internal vibrations 

of the PD^ molecule. Therefore, the spectra of the molecular point 

defect, PHD^, does not contain correlation field splitting. If the 

point defect band is non-degenerate, there is no static field splitting 

and the structure observed directly reflects tne site symmetry. Static 

field splitting effects are a measure of the influence which the 

surrounding lattice, in its equilibrium configuration, exerts on the 

molecule (see Appendix IV for further description). Thus, by studying 

the molecular point defect one can directly obtain information about 

the symmetry of the host crystal. 

The normal modes of vibration for gaseous PHD are given in Table 

1X1,1 • This table is a correlation by frequency of the modes of the 

•olecules PD and PH , and the modes of the deuterated molecules PHD. 

and FH^D, 

To further investigate the phase transitions of PD., the v. 

band of FED. was studied as a function of time and temperature. This 

b«xui was chosen because it is not obsctired by the bands of FQ^, Figure 

HI*2 shows the results of this study. Spectrum (a) of Figure III,2 

la the V. band after annealing at 70*K. Spectra (b) through (h) give 

thm else dependence of the phase transition, and spectrum (1) displays 

tb« high temperature phase, 

Ths wave numbers of the bands In the low temperature phase are 

essentially Insensitive to temperature as ahovn in Figure III.2 (g,h). 

It should be noted that the conversion to the low temperature phase 

vaa not ccnplete when the spectrum In Figure 1X1,2 (g) was obtained. 



19 

TABLE III.l 

CORRELATION BY FREQUENCY (cm"^) OF GASEOUS PH , PH D, PD.H, PD 

PH3 

2328(V3) 

2323(v^) 

PH^D 

2329(V3^) 

2325(V3^) 

1700 (v^) 

PHD^ 

2320(V3^) 

1675(^3^) 

1669 (v^) 

PD3 

1680(^3) 

1691(v^) 

1122(v^) 1097(v^^) 

969(V4b) 

980(v^^) 

906 (v̂ j,) 

804(v^) 

992 (vp 892(V2g) 761(V2^) 727(V2) 
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Discussion 

The spectrum first observed and shown in Figure III.l (a) was 

that of a partially ordered glass. It requires at least thirty minutes 

for the glass to undergo the phase change into the ordered, low tempera

ture phase at 50''K. Once the ordered phase has been achieved, the 

crystal readily undergoes a first order transition at 60'*K to a dis

ordered phase. This hysteresis observed in the spectra of PH. and PH.D 

at 50''K and 60°K is typical of first order phase transitions. The low 

temperature phase is amazingly rigid, with the lines of the v^ band of 

PHD, shifting by not more than 0,3 cm throughout the temperature 

range 6-50"'K. 

By making a few reasonable assumptions, it is possible to determine 

the site symmetiry in the low temperature phase of PD . The V2 band is 

a doublet with peaks at 716.9 and 725.3 cm" , Because this band belongs 

to the non-degenerate species A , it cannot show static field splitting. 

The doublet can be a result of correlation field splitting if one 

doubly occupied set of sites is present. However, the orientation split

ting of the V point defect band indicates that more than one set of 

sites is occupied in the unit cell. (Orientation splitting results 

from the position or orientation of a molecule in the unit cell.) 

Therefore, it can be assumed that the doublet structure of the v^ band 

represents two sets of sites in the unit cell. Even though the intensities 

of the two peaks of the v^ band are different, this does not necessarily 

indicate unequal occupancy of the inequivalent sites. 

If the PD3 were in a field of C3 or 03^ synmetry, its v^ band 

would appear as a doublet like the v^ band. However, if the spectrum 
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is interpreted as being two resolved peaks at 787.7 and 795.1 cm""̂  

and two unresolved overlapping peaks at 792.2 cm""'', it can be postulated 

that the two-fold degeneracy of the E species vibration has been lifted, 

so that four lines appear as expected. 

If it is assumed that the site group is a subgroup of C , then 

the only possible site groups are C and C^. The group C, can be immedi-

s 1 1 

ately ruled out because it would lead to a six line spectrum for the 

V band. However, the C synmetry leads to two pairs of lines, each 

pair being in the intensity ratio 2:1. Such a four line spectrum is 
observed in the ̂ >, band. 

3a 

No attempt has been made to analyze the v and v bands of PD,, 

but the structure in these bands is consistent with the above discussion. 

The other bands of PHD, have been observed, but their proximity to the 

PD. bands and their low Intensities limit the useful Information which 

can be obtained from these bands. 

Conclusion 

Heavy phosphine undergoes a first order phase transition accom

panied by hysteresis at SO'K and 60"K, The high temperature phase is 

disordered. In the low temperature phase, the molecules probably occupy 

two sets of sites of symmetry C . This conclusion does not agree with 

previous workers who postulated that six different sets of sites are 

occupied in the unit cell. 

Results: Near Infrared Spectra of PH3 

PH. was deposited and annealed for one hour at 70''K and then 

slowly returned to 6'*K. Figure III. 3 (a) shows the spectra of the 
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four fundamental modes. The v^, v^, and V3 bands show considerable 

structure and therefore have probably undergone a phase transition 

into the 5 phase. It was not possible to resolve the v, band into 
4 

greater detail than displayed by Figure III.3 (a). 

The temperature of the sample was raised above that of the 6 

phase and the spectra obtained. Figure III.3 (b) shows the spectra 

at 37*K. It is evident from the v,, v,, and v. bands that the 

sample has undergone a phase change. Because the y phase is 

difficult to initiate, it can be assumed that the sasqple has gone 

into the 0 phase. 

The sample was further heated and the spectra monitored for 

any significant change. Figure III.3 (c) shows the spectra at 57°K. 

The V. and v bands have undergone almost no change. The v, band has 

lost some of the structure it had at 37''K. This is probably because 

the sample had not completely gone into the 3 phase at the time the 

band was observed. 

The molecular point defect PH.D was studied in order to obtain 

spectra free of correlation field effects. PH.D also belongs to the 

point group C . The normal modes of vibration for gaseous PH,D are 

given in Table III.l. The band in the region 1700 cm" (v^) was 

chosen for study because it was not obscured by the PH bands. Figure 

111,4 shows a time and temperature study of the M^ band. Figure 111,4 

(a) is the v, band after annealing at 70*K and cooling to 6'K, Spectra 
la 

(b) through (h) give a time and tenq)erature study of the v ^ band as 

the phase change at 30'K is approached. Spectrum (1) is the v^^ band 

at 60*K, 
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Discussion 

It is clear from Figure III.3 (a) and (b) that PH undergoes 

a phase transition between 6°K and 37'K. The spectra of Figure III.3 

(a) represent the low temperature phase (fi) and the spectra of Figure 

III.3 (b) represent the g phase. Figure III.4 (g) and (h) show the phase 

transition occurring between 29"K and 34*K, which is in agreement with 

the known transition at 30"K. The low temperature phase is very rigid, 

with the lines of the v band shifting by not more than 0.4 cm" . 

The V, band of PH3 and the v, of PH,D will be used for the near 

infrared analysis of the PH, crystal. These two bands were chosen 

because they were studied in greater detail than the other bands of 

PH. and PH D. Due to the complexity of both the PH. and PH.D spectra, 

an analysis yielding definite conclusions as to the symmetry of the 

ciystal is not possible. 

It should be remembered that the v-i band cannot undergo cor

relation field splitting. Since the v, band as well as the M, band 

are non-degenerate, they cannot show static field splitting. The 

only type of splitting possible in the v, band is orientation split

ting, and the only type of splitting possible in the v, band is 

correlation. 

The V, band has broader lines than the Vo band. This implies 
la * 

the possible existence of unresolved lines in the Vj^ band. In 

general, the point defect band should be the sharper of the two 

bands. 

Conclusion 

Phosphine undergoes a first order phase transition between 
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29'K and 34'K. The low temperature phase (6) is ordered whereas the 

3 phase is disordered. 

The point defect band (v^) is very rigid in the low temperature 

phase; the lines shifting by not more than 0.4 cm"^. 

Due to the complexity of the spectra, definite conclusions as 

to the symmetry of the crystal are not possible. Because the PH 

molecule has 03^ symmetry and the PH^D molecule has C symmetry, the 

crystal symmetry could possibly be a group containing C. or one of 

its subgroups. 

Resijlts: Far Infrared Spectra of PD 

PD3 was deposited on both sides of the Si window to avoid an 

excessively thick film which would make annealing difficult. The 

helium gas exchange tail section was used. From several spectra 

taken in the range 33 to 400 cm" , it was determined that the only 

region showing any significant absorption was the region 65 to 140 cm" . 

Figure III.5 (a) shows the spectnm of the region 65 to 140 cm" at 

13,7*K before any annealing. The sample was then heated to 50'K in 

order to initiate the phase change that occurs at this temperature. 

Figure III.5 (b) shows this region after annealing at 49,3"K for one 

hour and fifty-five minutes. Figure 111,5 (d) is the same region 

at 46.7*Ky three hours after the initial annealing started. Figure 

XXI,5 (e) is at 13.5"K after three hours and fifteen minutes. The 

sample was then slowly heated. Figure III.5 (f) through (1) shows 

the spectra as the temperature went frcaa 30*K to 55*K. It is evident 

from these spectra that the PD. is undergoing the phase transitions 
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that were observed in the near infrared spectra. 

Discussion 

The time independent correlation function was determined for 

the far infrared spectra of PD , The time independent correlation 

function is a measure of the order or disorder present in the crystal. 

Therefore, its value should change significantly as the crystal under

goes an order-disorder phase change. 

The time Independent correlation function is determined by 

integrating the intensity, which is a function of frequency, over 

the particular band being studied. Thus the time independent cor

relation function is the area enclosed by the band and the base line. 

The base line for the spectra was determined from spectra taken with 

no sample present. The base line was drawn on the spectra and a grid 

was then used to calculate the area enclosed by the spectrian and the 

base line. The grid contained 400 squares per square inch. Table 

III.2 gives the results of this process for the spectra of Figure III.5. 

The valxies obtained are for the region 65 to 140 cm . The spectrum 

with the greatest enclosed area was normalized to unity and all other 

spectra then given decimal parts of one. The area measurements were 

found to be repeatable with less than two percent error. 

Excluding spectrum (a), because it is representative of a 

partially ordered glass, the greatest changes in the values of the 

correlation function occur between spectra (b) and (c), (c) and (d), 

(e) and (f), and (h) and (1). On the basis of these changes it can 

be said that spectra (c), (f), and (1) were obtained when the crystal 
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TABLE III.2 

VALUES FOR TIME INDEPENDENT CORRELATION FUNCTION 

Spectrum PD3 PH3 

a 1 1 

b .85 .89 

c .69 .87 

d .82 .82 

e .91 .84 

f .79 .88 

,88 ,83 

h .91 .89 

i ,68 .77 
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was undergoing a phase change or after it had undergone a phase change. 

After examination of the changes in spectral shape of spectra (c) and 

(i), and recalling the phase changes found at 50"K and 60*K in the 

near infrared study of PD3, it can be concluded that the crystal is 

undergoing the transition into the ordered phase in spectrum (c) and 

has gone into the disordered phase in spectrum (1). The main cause 

for the change in value of spectrum (f) was the decrease in intensity 

of the band at 87.5 cm . This band is strongest in spectrum (e), 

continually weakens in spectrimi (f) and (g), and finally disappears 

in spectrum (h). The significance of the changes in this band are 

not clearly understood. 

It should be noted that the band at 71.5 cm" was present 

when no saiiq>le was on the deposition window. When a sample was present, 

the strength of this band increased; an indication of the possible 

existence of a PD band at this frequency. 

Conclusion 

The far infrared spectra of PD- undergo the same phase transitions 

as found in the near infrared spectra. The determination of the time 

independent correlation function offers further evidence of the exis

tence of these phase changes. 

Results: Far Infrared Spectra of PH 

PH. was deposited on the Si window in the same manner as described 

in Section III.7 for PD.. After several runs through the region 33 to 

400 cm" it was determined that significant absorption was occurring 
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in the region 80 to 225 cm" . Figure III.6 (a) shows the spectrum of 

the 80 to 225 cm" region taken at 21.7°K before any annealing. The 

sample was then heated to and held at 65"K for twenty minutes. After 

cooling the sample back to 14.5°K, several spectra were taken. These 

spectra showed little order and it was decided to again anneal the 

sample. Figure III.6 (b) and (c) show the spectra taken at 55''K 

with (c) being taken twenty-two minutes later than (b). Because of 

the differences in Figures (b) and (c), it was decided to hold the 

sample at 55"K to insure that the sample was sufficiently annealed. 

Figure III.6 (d) taken at 49"K one hour and thirty-seven minutes 

after Figure III.6 (b), indicates that the annealing has made little 

or no difference in the spectra. The sample was then slowly cooled 

to 15.7*K (Figure III.6 (e)) to see if any order was present at low 

temperatures. An unsuccessful atteiiq)t was made to resolve the five 

or more possible bands indicated in Figure III.6 (e). 

Next the sample was slowly heated to see if the spectra dis

played any changes that could be associated with a phase change. Figure 

III.6 (f) through (1) show the result of this study. The difference 

displayed in spectra (f) and (g) could be indicative of a phase change 

since PH. undergoes a transition at 30'K. The remaining two spectra, 

(g) and (h), show continued broadening and lack of order as the 

temperature is Increased. 

Discussion 

The same method of analysis was used for the far infrared 

spectra of PH as for the far infrared spectra of PD3. The area found 
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for the spectra in Figure III.6 are given in Table III.2. The error 

in the area measurements was again found to be less than two percent. 

The far infrared PH. spectra show even less structure than the 

far infrared PD3 spectra, and thus yield even less information. One 

point of interest is that both the PD. and PH unannealed spectra enclose 

the most area. This is probably caused by the sample being a partially 

ordered glass with little or no cyrstal order. With the knowledge that 

a phase change does occur in PH at 30'K, we can examine spectra (f) 

and (g) in Table III.2 and see that the area does change. However, 

due to the large changes in area of the other spectra, it is impossible 

to conclude that it is a definite phase change. 

Conclusion 

Due to the lack of structure in the PH. far infrared spectra it 

was not possible to make definite conclusions as to the crystal symmetry 

or phase changes. The determination of the time independent correlation 

function also gave no valuable information as to the existence of 

phase changes. 

Summary 

PD tmdergoes a first order phase transition accompanied by 

hysteresis at 50*K and 60*K. From analysis of the near infrared 

spectra it was determined that the molecules probably occupy two 

sets of sites of C symmetry. 

PH undergoes a first order phase transition at 30"*K, with 

the phase below 30°K being ordered while the phase above 30"K is 
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disordered. Due to the complexity of the near infrared spectra 

and lack of structure in the far infrared spectra, it was not 

possible to determine the symmetry of the PH. crystal. 



Flgtire III.l. Near Infrared Spectra of PD. (a) 6''K after annealing 

for thirty minutes at 70*K (b) 6'K after holding sample at 

50*K for thirty aiinutes (c) above 60'K. 
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Figure III.2. The v. band of PHD studied as function of time 

and temperature. 
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Figure III.3. Near Infrared Spectra of PH (a) 6"K after annealing 

for one hour at 70'K (b) 37'K (c) 57"K. 
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Figure III.4, The v^^ band of PH D studied as function of time 

and temperature. 
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Figure 111,5. Far Infrared Spectra of PD (a) 13.7*K before any 

annealing (b) 49.3*K after annealing at this temperature 

for one hour (c) 49.3*K after annealing at this temperature 

for one hour and fifty-five minutes (d) 46.7'R, three hours 

after annealing started (e) 13.5''K, three hours and fifteen 

minutes after annealing started (f) through (1) as the 

teiiq>erature went from 30'K to 55"K. 
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Figure III.6. Far Infrared Spectra of PU3 (a) 21.7*K before any 

annealing (b) 55°K after annealing for twenty minutes 

(c) 55°K after annealing for forty-two minutes (d) 49"K 

after annealing for one hour and fifty-seven minutes 

(e) 15.7°K (f) through (1) 28'K to 69,6*K, 
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APPENDIX I 

SYMMETRY OPERATIONS'^ 

I, IDENTITY OPERATION 

Leaves all the nuclei in their original positions. Denoted 

by the symbol E. 

II, ROTATION ABOUT AN AXIS OF SY>IMETRY 

Denoted by C (a) where a is the angle of rotation. If a 

rotation through the angle a brings the molecular framework into 

coincidence with itself, then a rotation through the angle na, where 

n is any integer, will also move the molecular framework into coinci

dence with itself. Furthermore, if a is the smallest angle of rota

tion about a symmetry axis which results in a synmetry operation, then 

successive applications of C (a) to the framework must eventually 

bring all the nuclei back to their original positions after a rota

tion through an angle 2it, It follows that there must be some integer 

n for which na - 2ir and a - — , The symmetry operation C(-i) is 

n n 

denoted by C and the corresponding axis of rotation is an n-fold 

symmetry axis, 

III, REFLECTION IN A PLANE OF SYMMETRY 

The operation of reflecting the molecule in a plane of symmetry 

is denoted by a. It should be noted that reflecting the molecule 

twice in the same plane of symmetry brings it back to its original 
position, 

XV. ROTARY REFLECTION OR IMPROPER ROTATION 

An iiiq)roper rotation, denoted S^, is the combination of a 

rotation through an angle — about some axis, and a reflection in a 
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plane perpendicular to this axis. The order in which the rotation 

and reflection are performed is imoaterial, 

V, INVERSION IN A CENTER OF SYMMETRY 

This operation, denoted by 1, is best illxistrated by an 

example. Consider the cartesian coordinate system x, y, z. The 

application of the inversion operator to any point on the positive 

X-axis will take the point into the corresponding point on the 

negative x-axis. The same is true for the y and z axes. The origin 

of the coordinate system is called the center of inversion. 
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47 

System Essential 
Symmetry 

Point Groups or 
Crystal Classes 

Triclinic No planes or axes 

Monoclinic One twofold axis 
or one plane 

's ''2h 

Orthorhombic Three mutually 
perpendicular two
fold axes or two 
perpendicular planes 

^h Sv 

Trigonal 
and 

Hexagonal 

One three fold or 
one sixfold axis 

S Sv Sh 3̂ °3h °3d 

6̂ Sv 6̂h °6 6̂h 6̂ 

Tetragonal One fourfold axis h 4̂ 4̂v Sh °4 °4h °2d 

Cubic Four threefold axes T T^ T̂ ^ 0 0̂  
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APPENDIX III 

GOLAY DETECTOR 

An Infrared radiation absorbing film is located in the center 

of a small gas chamber contained within the body of the detector. 

When the film absorbs infrared radiation, it heats the gas in the 

chamber. The resulting expansion of the heated gas serves to distend 

a small flexible mirror. The displacement of this mirror from its flat 

rest position is detected by the optical system of the detector, in 

which an incandescent filament is imaged onto the flexible mirror, 

and the light reflected by the mirror is imaged in turn onto a 

photo cell. As the flexible mirror moves with the pressure of the 

gas in the chamber, the image moves in and out of focus, thus effect

ing a modulation of the amount of light reaching the photo cell. 

The detector is designed to detect changes in thermal radiation. 

For spectroscopic work a chopped-beam method should be utilized, as 

this corresponds to resetting the instrument at every interruption 

of the beam, thus eliminating drift. 
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APPENDIX IV 

VIBRATIONAL SPLITTING 

X, STATIC FIELD SPLITTING 

Static field splitting effects are a measure of the infltience 

which the surrounding lattice, in its equilibrivan configuration, 

exerts on the molecule. Non-degenerate internal vibrations can be 

shifted in frequency, and degenerate internal vibrations can be split. 

Inactive fundamentals may become active. The vibrations fall into 

two types: internal and external, where internal vibrations involve 

the stretching and bending of the chemical bonds in the molecule, and 

external vibrations involve partial rotations and translations of 

molecules as a whole in the crystal lattice. 

II. CORRELATION FIELD SPLITTING 

Correlation field splitting effects are due to interactions of 

a molecules' internal vibrations with internal vibrations of other 

molecules in the same unit cell of the crystal. Static field plus 

correlation field splitting are sometimes called factor group split

ting or unit cell group splitting. Both degenerate and non-degenerate 

internal vibrations may be split, since the potential energy will 

differ according as the internal vibrations are in phase or partly 

out of phase in the unit cell. One fundamental vibration can be 

split into as many as m bands, where m is the number of molecules in 

the unit cell. Not all these m bands will be infrared active, and 

some may be degenerate. 
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