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ABSTRACT 

The theory of  spontaneous polarization in ferroelectric 
■ 

solids leading to an infinite value in the dielectric constant 

is developed from classical electrodynamics and thermodynamics. 

The nature of the lamellar graphite compounds is discussed and 

similarities in the structure of one of these, the graphits- 

anmonia compound,  to a recognized ferroelectric.  Potassium 

Ferrocyanide Trihydrate,  ia pointed out.    The details of the 

equipment and the procedux   i necessary to form the lamellar 

graphite-ammonia compound using pyrolytic graphite and to test 

the compound to determine if it exhibits ferroelectric properties 

sre discussed.    Ferroelcctrlcity in the graphite-ammonia compound 

«as not observed.     Differences in the results obtained using 

pyrolytic grsphite and those obtained using polycrystalline 

graphite by other observers to form the graphite-ammonia compound 

are pointed out and discussed. 
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1.  Introduction 

The fact that certain materials, ferroelectrlcs, would 

exhibit electric behavior In many respect» analogous to the 

magnetic behavior of ferromagnetic material« la now well 

established.  It was first recognized by Haiblutrel In 1939 

In Rochelle aalt, the sodium-potassium salt of tartarlc acid, 

and has since been found to be present in many dielectrics (1). 

One ferroelectric compound that has been studied extensively 

is potassium ferrocyanide trihydrate, K Fe(CN) -IH 0 (KFCT). 

CfCT crystalIres in a repetitive layered structure, every third 

layer being a layer of the hydrated water molecules (7). The 

ability of graphite to form compounds by the inclusion of foreign 

substances within its structure has been known for more than a 

century (1).  In what follows the author will show that the 

structure of the graphite-mminnia compound is in some respects 

analogous to CFCT and that one might expect it to also exhibit 

ferroelectric properties. 

In this section we will do three things: present a 

phenomonologlcal theory of one of the most striking features 

of a ferroelectric; describe the nature of the lamellar graphite 

compounds; show that one of these, namely the graphite-aanonia 

compound, could exhibit ferroelectric properties. The purpose of 

this work has been to discover if this compound is ferroelectric. 

Let us begin by investigating the relationship between the 

dielectric constant, which is a readily measurable quantity in the 

laboratory, and the polarizablllty of an atom or molecule at a 
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lattice site. The polarizabllity, a, is defined «■ the ratio 

between the Induced dlpole moment of the atom or molecule, p, 

and the local electric field at the lattice alte E.  : 
loc 

a - p/E,  , r loc* 

r    loc* 

the total polarisation la given by 

P - Ilia E. 
loc 

where N la the number of atom« or mcleculei per unit volume. 

E.   la the macroscopic field In the dielectric, E, modified by 

the presence of neighboring dlpoles.  For simplicity let 

P - LKa  (E / 4ir P/3) (1-1) 

- 

which assumes that E.  • E / 4« P/3 where 4IT P/3 IS a contribution 
loc 

fro« the field produced by the polarization of other atoms or 

molecules in the vicinity of the site. This contribution waa 

calculated first by Lorentz and is the electric field at the center 

of a fictitious spherical cavity resulting from polarization charges 

on the surface of the sphere, plus a depolarization field from 

polarization charges on the outer surface of the specimen.  It 

assumes simple cubic symmetry in the dielectric.  Solving equation 

(1-1) for the electric susceptibility one obtains: 

P ,   IMa      . , 
E     1 - (4 it/3) ISa U"Z; 



The dielectric constant  Is defined as 

c  - 1 / ATT   (P/E) , 

so 

4it 1 -   (47T/3)  ^a  ' U 3; 

This Is the ClaueiuB-Mossottl relation, which Is conmonly used to 

i evaluate the atomic polarlzablllty from measurements of the dielectric 

constant.  It should be noted that this relation Indicates that the 

dielectric constant for any material will become Infinite whenever 

Z  Not equals 3/471, which we know Is not the case • 

In deriving the Clauslus-Mosslttl relation we have neglected 

the fact that many molecules have permanent dlpole moments due to 

some kind of asymmetry In their structure. Wheu these polar molecules 

condense Into the solid state as weakly bound molecular crystals, 

they retain their structural Identity, and more Important for the 

present consideration, ".hey retain their dipolc moments.  If the 

dlpoles were Isolated, they would tend to line up In the presence of 

an electric field because the potential energy of a dlpole In an 

electric field Is a minimum when p and E are parallel. Actually the 

molecular dlpoles are not Isolated, and because of their thermal 

energy they are continually vibrating and rotating about an equilibrium 

position In the solid.  Thus whet an electric field Is applied the 

dlpoles are perturbed In trying to line up In the *leld.  The higher 

* the temperature, the greater the thermal energy, the greater the 

perturbation, and the less the average polarization.  The effective 

dlpole moment of a polar molecule In the direction of an electric 

j field Is p cos 6, where p Is the dlpole moment and 6 Is the average 



angle between the dlpole moment and the electric field.  If 

there are N dlpolea per unit volume, the polarization la given by 

P - N p coa 9. (1-4) 

■ 

If ve apply Boltzmann statistics to calculate the average angle 

we find that 

coa 6" ctnh a - 1/a, 

or the Langevin function, L(a), where a - pE/kT. 

For high temperature solving equation (1-4) for the polar liability, 

we find 

a - p2/3 kT, (1-5) 

. In the limit where a approaches zero or pE la much leae than kT. 

Equation  (1-4) la the Curie-Langevln formula for the polarIzablllty. 

Substituting the Langevin temperature dependence for a Into the 

Clauslus-Mossotti relation,  equation (1-3),  the denominator becomes 

1 

1 • - T /T c 

where 

T    -    4  J c            3 3k 

and. 

f - W 
^  I* p2/(3kT) 

1 - T  /T c 

- 1 / ■ 
(T - T  )     ' c 

(1-6) 

(1-7) 

g being a finite constant of  the medium.    Equation  (1-7)   la commonly 

known as  the Carle-Weiss law where T    Is the  transition or  Curie c 

temperature.  If T equals T the denominator approaches zero, and 

10 



the dielectric constant will become Infinite. V« will show In 

whet followä that et this tempersture or below ws could have 

polarization In the absence of en electric field, which Is the 

phenomenon of ferroelcctrlclty.  Looking et equation (1-6) for 

weter we cen calculate the T  to be approximately equal to 

1200 0K, which ssys thst below 12Ü0 0K water would be ferro- 

electric, a statement that Is obviously Inconslstsnt with the 

fects.  Our .fallacious assumption was that the local field was 

given by the sversge field In the medium plus s contribution 

given by the Lorentz relation, which assumes thst the lattice 

has cubic symmetry, and tb«>t all the dlpoles ere pointed In the 

same direction. This works well for Induced dlpoles, but ss ve 

have seen. It is not true for permanent dlpoles. Essentially, 

It Is the 4n/3 factor for the local field that does not apply 

In equation (1-1). This does not mesa thst thsre Is no locsl 

t'leld In dopolsr solids, only that the fsctor A In the general- 

ized formula E   > B / XP Is much less than 4w /3, probably 

even less than one. 

Ve cen spproach the same problem from thermodynamlc theory, 

which has the advantage of being Independent of any particular 

atomic model. If we consider a solid thst Is ferroelectric for 

temperstures T less than T , with no external pressure and no 

applied field, the Glbbs free energy at a given temperature will 

be a minimum If the material Is In thermal equilibrium with Its 

surroundings. Setting the free energy of the oapolarlsed crystal 

equal to zero, the free energy of the polarised crystel can be 

expanded as a power series of the polarization as 



12        1        A        1       ft 
C(PJ) -^P   +^c2P   +ic3P   +  

where  the coefficients  c  are  functions of  temperature.     Expanding 

in «van powers of P only Injures that  the fro« energy is the • 

for "positiv«" and "negative" polarisation along the polar axis, 

assuming for  Rlmpllclty  that  in the  ferroelectric   region  the 

spontaneous polarisation occurs along a single axis.    At thermal 

equilibrium In the sbsence of external electric fields  (dG/dP) 

equals sero if G is to be a minimum, and the spontaneoua polarisation 

P. aatisfies the equation 

0 - c.P   ♦ c.pf + c.pf +  (1-7) 1 s        2 s        3 s 

■ 

If c., c , and c are all positive, the root P equals sero will 

correspond to the only minimum of the free energy and spontaneoua 

polarisation would not occur. However, if as a result of the 

temperature dependence the coefficient c would become negative 

-there would be at leaat one non-vanishing value for P for which 

the free energy would be a minimum, or spontaneous polarization 

would occur. Consequently, if c. changes continuously with tem- 

perature from a positive to a negative value the equilibrium atate 

of the medium changes from an unpolarixed to a spontaneously 

polarized state at T equals T . Let c be defined ae a constant, C, 

times the quantity (T - T ).  If c is positive, nothing new is 

added by the term in c_, which may then be neglected. Thus the 

polarization for zero applied electric field is given by 

dG/dP - 0 - C(T - T )P / c„ P.3 (1-9) 
O  8    £  S 

12 
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2 
•o that cither P equals aaro or P aquala (C/c«)•(T - T). • a 20 

Por T graatar than T tha only raal root of aquation (1-9) la at 

P aquala zero, bacauaa C and c ara positive. Thua T la tha 

Curia temperature.  Por T leaa than T tha minimum fraa energy aa 

a function of temperature la glvan by 

Pa ' (C/c2)1/2 (To ' T)1/2, (1"10) 

Equation (1-10) la plotted In Figure 1, and shows the onaat of 

apontanaoua polarization aa a function of temperature. 

If we now apply a email electric field to the medium, we may 

write according to thermodynamics 

dG - -S dT / E dP. 

Hence the applied electric field may be written 

and we obtain E equala c., P, neglecting the higher order terms 

for small P.  This can be reinritten to give P/E a 1/(T - T ). 
o 

Returning to equation (1-2) for the definition of the dielectric 

constant, we have 

e - 1 / ATT  (P/E) - 1 /  ** /C 
(T - T )' 

o 

which is of the same form as the Curie-Weiss law, equation (1-7), 

that we developed from the Clauslus-Mossottl relation using classical 

electrostatics which also predicts the occurrence of an infinite 

value in the dielectric constant at T equals T . 
o 

Thus we have seen that if there is sufficient interaction 

between the local field and a dlpole in a medium, there exists the 

1 
! 13 
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possibility that at some critical or transition temperature 

spontaneous polarization occurs and the dielectric constant 

approaches infinity.  However our considerations have neglected 

all other interatomic interactions, some of which may prevent 

the onset of ferroelectricity. 

Our second aim was to describe the nature of the lamellar 

graphite compounds. Lamellar or pyrolytic graphite crystallizes 

in s layered structure. In each layer carbon atoms are tightly 

bound to three other atoms, which are much closer (1.415 A) than 

in carbon-carbon single bondtf. The layers are bound together by 

weak bonds which results in a greater separation (3.35 A) between 

layers. Nstural graphite occurs in a rhombohedral form in which 

every third layer is superimposable (4). The tight C-C bonding 

2 
is sttrlbuted to sp type hybrid bonding, while the loose inter- 

planar bonding is attributed to Van der Waals forces (4).  It 

is because of this disparity between the strengths of forces 

in different directions maintaining the graphite lattice that 

foreign substances are able to expand and occupy the interplanar 

spaces of the graphite crystal without disrupting the carbon layer 

planes which they separate. 

Although many substances react spontaneously with graphite to 

form lamellar compounds, ammonia is one of a few reactants that 

require an auxiliary oxidizing or reducing agent to form the result- 

ing lamellar compound.  Even then it does not enter by itself, but 

it enters in conjunction with another ionic species.  In this 

project the author used the ammonium ion as the ionic species to 

carry the ammonia molecule into the graphite to form the electrolytic 

15 



lamellar graphite-ammonia compound.  The bonding between the 

graphite and tha foreign substance In lamellar graphite compounds 

Is believed to be of an Ionic nature. Hall coefficient measure- 

ments have shown without doubt that the electron population of 

the conduction band la altered In all lamellar compounds. The 

stability of compounds It alao favored by the electrostatic 

interaction of the Ionic species present, with the stability 

being greater if chargtis of like sign are far separated and thoae 

of unlike sign are clcse together. Spatial separation of like 

charges on the react ant Is enhanced by non-ionised reactant atoms 

or molecules which arc present, es la the caae with ammonia. The 

non-ionized species act as s sort of spacer between atoms of like 

charge. Since a spacer is more effective the greater ita polar- 

izabillty, the presence of ammonia aa a spacer enables reactants 

that do not ordinarily form lamellar compounds to form an ammonia- 

react ant-graphite compound, which can be attributed to the high 

dielectric constant of ammonia. 

Structure determinations have shown that carefully prepared 

lamellar compounds exist in several concentration stages which 

differ in the number of carbon layers alternating, in a periodic 

manner, between single layers of reactant. No lamellar compound 

has ever been found to contain multiple layers of the reactant 

between two adjacent carbon layers.  Invasion of the lamellar 

graphite by the reactant can occur either by simultaneous attack 

at all layer planes, or by stepwlse invasion of s limited number 

of layers such that a specific array of planes will be completely 

16 



filled With the reactant before another set beglna, leading to 

• prcgreaalvely more concentrated cospound.  Thar« 1« aoa« 

evidence of slmultaneou« attack at all layer plane* In the 

formation of the spontaneous lamellar compounds, while the 

formation of the electrolytic compounds seems to follow the 

prograaalva attack at Individual planes (4). 

A more difficult and less understood problem la the orien- 

tation of the Individual reactant molecules within each layer. 

The reactant doea not retain e structure similar to Ita solid 

atate structure, nor doea It assume e random arrangement ea In 

a liquid state.  Instead, the molecules of the reactant are 

arranged on a lattice which tends to be closely related to the 

edjacent graphite lattice, aa In Figure 3. In concentrated 

compounds, the neighboring reactant layers appear to be laterally 

d i splaced. 

Our third aim In thla aectlon was to show that, because of 

structural similarities to KFCT, the graphlte-aononla compound 

could exhibit ferroelectric properties. As previously stated 

KFCT crystallizes in a repetitive layered structure, every third 

layer being a layer of the hydrated water molecules. The planee 

of water molecules are spaced at a separation of 8.4 angstroms, 

with two planes containing potassium ions and ferrocyanide octehedra 

at distances of 3.0 and 5.4 angstroms above each plane of water 

molecules. In the plsne containing the water molecules there are 

6.9 water molecules per hundred square angstroms, resulting in a 

dipole denaity of 0.82 water dipoles per hundred cubic angstroms. 

KFCT undergoes a spontaneous tranaition and exhibits ferroelectric 

17 
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phenomena below 247 K. The transition Is of the order-dlaorder 

type where above the critical temperature the water molecule 

dlpolee are In a atate of rapid rotation and below the critical 

temperature are eemilocked In place, spontaneous polarization 

being produced by the alignment of the water molecule dlpoles. 

X-ray diffraction studies show that the heavy atom positions 

are unchanged on going through the transition temperature 

indicating that the spontaneous polarization may be accounted 

for by considering only the permanent water molecule dipole 

alignment (7). 

If we assume Hennig's statement that graphite-ammonia 

compounds more concentrsted than C  -NH.-ANH are unstable, 

that the lamellar graphlte-annonia compound has a reactant 

structure similar to that shown In Figure 3, and finally that 

a plane of ammonia molecules is located between each plane of 

carbon atoma, we have s resulting reactant concentration of 

5.27 ammonia molecules per hundred square angstroms and a 

dipole density of 1.57 ammonia molecule dipoles per hundred 

cubic angstroms. Using this value for the dipole density zad 

the commonly accepted dipole moment of 1.468 debye units for 

the ammonia molecule, we can compute a maximum value for the 

critical temperature of 97.1 K for the compound from equation 

(1-5). The same calculation for KFCT using 1.87 debye unite for 

the water molecule dipole yields a value of 82.4 K which la not 

in good accordance with the experimentally determined value of 

247 K.  If we assume that the interaction of the dipoles to 

produce the local fields takes place within the planes of dipole 



molecule« only and Cher« i« no Interaction between the planes, 

i.«.t it la a two dlaenalonal off act, «& can calculate transit ion 

temperature« of 146 0K and 124 0K for the graphlte-aanonla 

compound and KFCT respectively.  The differences between the 

calculated value and the actual value of the transition tem- 

perature for KFCT can ha attributed to discrepancies In our 

calculation of the local Internal electric field, which indicates 

that the Interaction between the permanent dlpolea and the electric 

field, and the Interatomic Interaction between the dlpolea them- 

selves are auch mors complex than can be described by elementary 

theory. 

However, since the structure« of the laeellar graphite-a—oni« 

compound and KFCT show ao auch reaemblenee to each other, coupled 

with the fact that ainilar tranaition temperatures can ha calculated 

for each one, strengthen the postulate that the graphite-ammonia 

compound could exhibit ferroelectric phenomena. 

20 
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2.    Experimental Equipment 

The experimental equipment neceaaary to form the lamellar 

graphite ammonia ipecimen consisted of a reaction vessel, Figure 

4, a special sample holder. Figure 5, and an external electric 

battery used as an auxiliary reducing agent Figure 2 . 

The reaction veaael uaed for the electrolytic reduction of 

the graphite «as a glass tube* theraoatated at 195 K by inanerslon 

in an acetone-dry ice slush. 

The sample holder incorporated the beat features of several 

earlier models designed and built by the author.  The sample 

holder was suspended from electrical terminals in an O-rlng 

connector at the top of the reaction veaael.  In view of the 

comment by Dzurus and Henning that plauinum leads seem to catalyse 

the decomposition of the compounds, tungsten leads were used for 

all electrodes (3). 

Since the expected realstanue of the graphite specimen was 

to be in the vicinity of 02 ohms, an accurate measurement of its 

resistance could not be made with a Wheatstone bridge used in the 

ordinary way because of the relatively large uncertainty introduced 

« 
by contact resistances at the binding posts.  Therefore a Leeds and 

Northru? fctlvin Bridge, Model 4306, was used to measure the resist- 

ance.  The fact that some of the measured resistances were much 

greater than expected wll1 be discussed later. 

The dielectric constant was determined on a resonance bridge. 

Figure 6, deacribed oy SUB et al for measuring the dielectric 

constant of materials with large conductivity (6).  This bridge 

21 



• 

1 
11 

I J 

22 



InstnBHitatlon Uad 
to* O-Rlng Connector 

LuelU 
-ample 
Holder 

Reaction 

Mil 

-anrple 

Klectrol^alB 
Electrode 

nniple Holder Asseahly 

23 



^ 

1 

I 

i 

i Ü 

Hh 
d 

i 

■ 

<>) 

* 
(T 

.. 

■<2> 



utilizes the phenomenon of parallel resonance, end sine« the 

dielectric constant la determined by frequency measurements. Its 

value cac ba meeaured with the greatest precision.  In three 
.   ■ ■ 

■ 

branchaa of the bridge ere plecad active Inductance free, 

raalatora R. ,  R0, and R.     In the fourth branch was placed a 

parallel oscillating circuit,  containing a known Inductance L, 

end  the unknown sample   (C   ,   R ).     Resistances R.   end R? are 

Identical.    The balance of the bridge waa determined on an 

oscilloscope.    Adjustment of the bridge is accomplished by 

varying resistance R, and the input frequency u.     In contraat to 

other types of  radiofrequency bridges,   regulation of the resistance 

and the frequency can in prectice be cerried out independently of 

eech other.    At the resonant frequency L—C    presents a pure active 

resistsnee, end there are no reactive currents in the branchaa of 

the bridge.    The dielectric constant, which is rilrectly proportional 

to the capaci  ance,  and the unknown resistance can be found directly 

from the obvious relations: 

and R    - R. 2.   x 
ui L 

A standard Navy AN/URM-25 RF Signal Generator set waa used as 

an input to the resonance bridge. Signale from this set can be 

generated over a continuous range of frequencies from 10 to 50,000 

khz. The RF output for the entire frequency range la continuoualy 

variable from 0.1 to 100,000 microvolts. 

Temperature control for the dielectric constant versus tem- 

perature measurements waa effected by a Varlan, Model V-4257, 

25 



VarUbl« Taap« 

Syitem can provide mutoaatlc and pradaa control of the gas 

Varlabla Taaparatura System, Figure 7. The Variable Tanoratura 

temperature around a epeclmen, and la commonly used In NMR 

spectroacopy-  The part« which make up the eyeten are: a copper 

■        -' -        -   . tubing and glaaa haat exchanger, a 4 1/2 liter open top Dawar 

refrigerant container,  and air transfer tuba,  and a temperature 

controller.     The  temperature controller  la an electronic  solid 

•tata Instrument which contains tha temperature controlling 

elements of tha system.     Temperature at tha sample la controlled 

by pasting controlled currant through an electric heater In the 
■ 

gas stream directed to the sample.    A resistance type temperature 

sensor, near the sample, monitors the gas stream temperature.    The 

system Is only capable of incieasing the gaa temperature In the 

gas stream.     For temperatures lower than the normal ambient gas 
• 

temperature the gas Is passed through a heat exchanger coll 

submerged In a liquid nitrogen filled Dewar jar. The temperature 

control loop la closed around the controller, heater, gaa atr« 

and sensor. The actual sample Is down stream from the sensor and 

la not In the control loop. Therefore e chromel-alunel thermocouple 

waa placed downstream from the specimen to measure the effluent gaa 

atreaa temperature to obtain a more accurate sample temperature 

aeaaureuent. 

. 
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■ 

3.    Experimental Procedure 
■ 

Each experiment  commenced with the construction of a  apeclmen. 

Tie specimen was « rectangular block of natural lamellar  graphite 

15 x 7.5 x 2.5 millimeters.    At the beginning of the project dlf- 

• ficulty «ae encountered In obtaining good electrical contact 

between the tungsten electrodaa and the plener surfaces of the 
■ 

grephlte.    Mechanical pressure and silver conductive peint «ere 

tried.    When the graphite sample wes physically clamped between 

the electrodea,   reasonable readings for the resistance and dielectric 

constant were obtained, but the mechanical pressure retarded the 

entry of the ammonia between the planes of the graphite to for« the 

compound.    The eilver conductive peint on the eurfacs of the grephlte 

resrlted in greatly improved electrical contact with such less 

mechanical pressure required on the part of the electrodes.    The 
■ 

< 

silver conductive peint, however, had the disadvantaga that it 

would peel off the surface of the sample during the formation of 

the electrolytic graphite-ammonia compound.    The most satisfactory 

method was to use a conductive epoxy resin on the surface of the 

grephlte, and bond the graphite to two amall steinlass steel plates 
■ 

to which the tungsten electrodes had been silver soldered.    The 

sample was then mounted in the sample holder and the assembly placed 

in the reaction vessel. 

A small amount  (0.1 gram) of ammonium nitrate was added end 

ammonia condensed into the reaction vessel until the sample was 

submerged.    Thia resulted in a concentration of ammonium nitrate of 

0.15 M in the liquid ammonia,  the amnonium ion being the ionic 

speeded necessary to form the electrolytic lamellar graphite-aunonla 

compound. 



Readings perpendicular to the planea of the graphite were 

now taken of the resistance of the aaople, the resistance of the 

solution, and the frequency at which the resonance bridge balanced. 

After these preliminary steps had been completed, electrolysis 

was conmeoced.  Total electrolysis times ranged from five to forty 

hours at an average current of 7.5 ■llllaaperes. The electrolysis 

was completed In one hour Intervals, with a set of readings being 

taken at the end of each hour. 

When electrolysis was completed and the graphite-s—»onla 

compound formed, the bottom tip of the reaction vessel was snipped 

off and the solution of ammonium nitrate In ammonia was allowed to 

run off Into liquid nitrogen. At the same time the flow of dry 

gaseous nitrogen was commenced from the variable temperature system. 

The assembly was allowed to come to thermal equilibrium and then 

the frequency at which the resonance bridge balanced was determined 

as a function of temperature over the range 100 0K to 250 0K. 

29 



4.  Discussion of Results 

Bight ssaplea were prepsred for capscltancc «id resistance 

■essurements.  Cspacltsnce versus teapersture Bsssurcstents «or« 

conducted on thro« of the sanples.  Figure 8 shows the results 

of tho normalised realstsnce readings voraus hours of electrolysis. 

The behavior of tho resistance voraus electrolysis curve does not 

show tho orderly dsersaao In tho resistance that has been observed 

by other experiaenters.  In fact an increase in resistance «as 

noted in all ssaples where good electrical contact was made between 
■ 

tho graphite and the tungsten electrodes- The author believes that 

this difference is due to tho fact that in the previously published 

data apoctroacopic or polycrystalline graphite was used, while this 

author used pyrolytic las»liar graphite. The incraaaa rather than 

an expected decrease in tho resistance can ba attributed to tho 

increase in tho thickness of tho ssmple aa the graphito-s—tinia 

compound was formed. The sample thickness Increased by a factor 

of four during the courae of the electrolysis and would have 

incroaaed to a greater extent if it had not been physically confined 

by the sample holder. This increase in the saaple eise has not 

been reported in prior work on the graphite-sMonla compounds, 

although thia may be the inatahility reported by Hennig for COB- 

pounds aore concentrated than C. --HN .ANH in polycrystalline 

graphite (4). It seems intuitive that the polycrystalline graphite 

wherein there are microcryatala of graphite in a random array ao 

that there ia no specific direction ;o the orientation of the 

graphite planes would show expanaion to a lesser extent than the 

pyrolytic graphite where a layered structure exists throughout the 
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+. 

«hol« jaaple.  la « privat« ccwwrfftCloo Dxuru« l^>li*d that ah« 

«asl .icnalg teralnated thalr work on thai- aaaplea «ban any defonation 

•f Cha ««apl« «a« obaarved.  The growth la rha «is« of tha pyrolytlc 

)le during «l«Ctroly«la waa —11 howaver crrparad to tha Increaa« 
I 

la tha thlckneaa that occurred when tha aa«rle %m»i  WMWJ to rooa 

t«ap«ratar«.  In «11 aamplea the odor of «acaplag —■onli «a« very 

evident «a the saaple «anMd «ad iocre&aed In thlckneaa la ätt «laoat 

exploalve manner to c value fifty to alxty tiaea it« orlglaal thlck- 

neaa.  Figure 9 chova « ««a^l« warmed to rooa teaperature and « 

plrre of graphite tha original «is«. A« can be aeen in the photograph 

the warmed aampla haj « apongy appearance that la not «t «11 like 

the original graphite. 

The variation of tha dielectric conacai t versua hour« of 

electrolyaia la shown in Figur« 10.  The ramlt« are la good agree- 

ment with calculated valuea for e/c of 2.0 sad 2.S for graphite «ad 

the g uphite-ammonla compcund respectively.  Although s continued 

increui.e In the dielectric constant «as expected aa the electrolyait 

waa carried out, Figur« 10 do«« «ho« «a initial increaae with « 

subsequent decreaae that can poaaibly be explained aa «a expanaion 

affect analogous to that noted for toe raalataaca. 

la the reaiatanca ««««uraaanta specifically and to aome extent 
- — 

la the dielectric conatenc a«a«ur«B«nita instabil ities la the readings 

aa a function of tins only were noted  A« tha saaplea «era allowed 

to «it variations in the measurements up to «s great «• twenty per 

cent «ere noted. These are the aajor contributing factor to the 

uncerta'ntles in the data pointa shown in the curves. 
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The dielectric constant versus temperature meaaureaiente shown 

In Figure 11 did not show the onset of ferroelectric phenomena, 

as would have been evidenced by a peak In the dielectric constant. 

In fact there appeared to be no temperature dependence at all. 

This could possibly Indicate that the anmonla dlpoles are hindered 

In their ability to rotate and align themselves with the electric 

field. One would expect that as the temperature, and hence the 

thermal agitation, decreased that the dlpoles would become more 

aligned with the external field. This would result In an Increase 

In the dielectric constant with a decrease In temperature (6). 

Although there was an Indication that a ferroelectric state was 

possibly present In one of the sets of measurements as evidenced 

by a small peak In the dielectric constant the effect could not be 

reproduced. 

Another source of difficulty encountered when using pyrolytlc 

graphite as opposed to polycrystalllne graphite was the fact that 

torque or lateral forces would cause the sample to cleave between 

two of the planes as the graphite-ammonia compound was being formed. 

.nee cleavage of the sample destroys the experiment, this made the 

design and construction of the sample holder crucial. 

A final fact that was noted as some of the samples were warmed 

to room temperature was that the entry of the ammonia between the 

graphite planes appeared to take place at all planes' simultaneously 

as opposed to a stepwlse Invasion of a limited number of planes 

which Hennlg states Is the case for the electrolytic compounds. 

This was evidenced by the expansion that Is shown In Figure 9 

taking place only around the edges of the sample. This Is probably 

9K 
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cauaed by the fact that the author used pyrolytlc graphite 

rather than single oryatal. Diffusion of ammonia Into the 

graphite Is undoubtly impeded at crystalline Interfaces. 
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I 

5. Conclusions 
, ■ 

■ 

The u«s of pyrolytic graphite for the formation of the graphite- 

amnonia compound« loads to result* that are not conaiatant with 

those obtained using polycryatalline graphite.  The author believes 

that thass can be attributed to the differences In the macroscopic 

structure of th« graphite, specifically to ths great expansion of 

the grsphlte lattice that occurs as ths compound Is belog formed 

■ 

In the pyrolytic grsphlta. 

Ths fact that the onset of a ferroelectric condition was not 

observed was disturbing, but could possibly b* sttrlbutsd to an 

Insufficient concsntrstlon of ammonia dlpolss In the grsphlte lat- 

tice. This Is corrslstsd by ths fsct that the rsslstsnce measure- 

ments do not show ths decrease that occurs In highly concsntrstsd 

compounds.  An indication of s ferroelectric stste was observed In 

one of ths sets of measurements, but It could not be reproduced. 

It Is the feeling of the suthor that ferroelectric effects would 

bs observed In highly concentrated compounds since ths small pssk 

that was observed wss noted In ths most concentrated compound that 

wss prepared. A redesign of the sample holder that would permit 

ths original sample to expand to ten to twenty times Its original 

thickness and still maintain itc rectangular shape would furnish 

s much more concentrated compound for use In Investigating ths 

ferroelectric effect. 
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