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F SYSTEM ThO _Y20*

E. C. Subbarao and P. H. Sutter

ABSTRACT

Compositions in the ThO2-Y0- 5 system were co-precipitated

as the oxalates. Disks, pressed from decomposed oxalates, were

sintered in oxygen at 1400-2200 C. Densities of the sintered disks

were 96-98% of the theoretical. Solid solutions with the fluorite-

type structure are formed up to 20-25 mole % YOo 5 at 1400 C and up

to 45-50 mole % Y0.5 at 2200 C. Density dataAhave-shewv that these

solid solutions correspond to Th lxYx02.0o ,5 having a complete

cation sublattice. filled by theA•;* andA"ions, and vacancies

I in the anion sublatticeo The observed increase in electrical

conductivity with increase in Y0.5 content is consistent with the

notion that oxygen ions are the predominant charge carriers through

a vacancy mechanism.
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INTRODUCTION

Thorium dioxide., Th0 . has the cubic, CaF2tp structure up

to its melting point. -3300°C. Yttrium sesquioxideI Y203 (or Y01.5)"

crystallizes with the C-type rare earth oxide structure (or T1 2 03 type).

This structure is closely related to that of CaF 2 , from which it may

be derived by an ordered omission of one-quarter of the anions and

then a slight rearrangement of the atoms. Based on the similarity of

the structure, extensive solid solution my be expected in the binary

system ThO2 -YOl 5 . Hund and Mezger(l) found that 22 to 30 mole % Y01 5

is soluble in ThO2 at 1200°C.

The purpose of the present investigation is to determine the

phase relations and solid solubility in the binary system Th02 -YOI 5 at

temperatures up to 22000C, to examine the defect structure of the

resulting solid solutions and to present a preliminary account of the

correlation between the defect structure and ionic conductivity measured

on dense ceramic disks. Further details of the ionic conductivity of

ThO2 solid solutions will be discussed elsewhere.

II. SPECIMEN PREPARATION

Thorium nitrate and yttrium nitrate, obtained from Lindsay

Division of the American Potash and Chemical Corporation, are the
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starting materials. Spectrographic analyses of these materials are given

I in Table I. The nitrates were dissolved in distilled water and the oxide

contents were determined by ignition at 1300-1i4 0°C. The nitrate solutions

were mixed in the required proportions to prepare the desired solid solu-

j tion compositions. Thorium and yttrium salts can be precipitated either

as (A) the hydroxide or (B) the oxalate.

(A) Hydroxide: In this method, described in detail by Hund and

- Mezger,( the heated nitrate solution was added to boiling ammonium

hydroxide solution with vigorous stirring. The precipitate was filtered,

washed and dehydrated at 1050C. After grinding, it was decomposed to

the oxides at 12000C. The oxide mixture was ground, pressed into disks

and the disks were sintered at temperatures between 1400 and 20000C. The

densities of disks that were prepared from the hydroxide and from the

,oxalate are compared in Table II. The densities were determined from

the mass and the dimensions. Inasmuch as the oxalate method led to

higher densities, the hydroxide method was discarded.

(B) Oxalate: Since the particle size distribution of the

starting oxide powder has a remarkable influence on the sintering

behavior of the oxide, it is advantageous to obtain fine-grained oxides.

In a sintering study of thoria obtained from the hydroxide, carbonate,

nitrate, and oxalate, Kantan et al(2) concluded that the oxalate method

yielded the maximum density.

I



-4

In this method, the nitrate solutions were placed in an ice

bath. Saturated oxalic acid was added drop by drop while the chilled

nitrate solution was vigorously stirred. Beyond this step, two courses

were available: (1) dehydration of the entire solution, or (2) filtra-

tion and dehydration of the precipitate.

(1) The entire solution was dehydrated at about 1200C,

leaving a cake at the bottom of the beaker. The top surface of the

cake was more granular than the bottom. This difference in grain size

became more pronounced on heating at about 9000 C. X-ray diffraction

studies of the different portions of the cake indicated the granular

material at the top of the cake to be mostly YO0 5 and the fine material

at the bottom to be essentially ThO2 . The reasons for segregation and

grain growth of YO1.5 are not clear at present. Disks, pressed from

this powder without much grinding, had an inhomogeneous appearance

after firing to 20000 C for 4 hrs. White specks (of Y2 03 ) were randomly

distributed throughout the volume of the disk. Careful grinding was

1 necessary to obtain homogeneous solid solutions from material prepared

by this method.

(2) The precipitate was filtered, taking care to avoid

segregation in the beaker, washed until the precipitate was free of

acids, and then dehydrated at about 1200C. The resulting fine-grained

oxalates were calcined to the oxides at 900°C(3,4) for 8-12 hrs. The
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oxide powder was homogeneous and fine-grained. This method gave satis-

factory results and was therefore followed in the rest of the investigation.

The powder was ground and pressed into disks, 3-12.5 mm in diam.

and 1-10 mm in thickness at a pressure of about 20,000 psi. After pre-

calcination at 14000 C for 4 hrs. in a globar furnace, the specimens were

sintered in an oxygen atmosphere in the temperature range 1600 to 22000 C

for 3 to 7 hrs. using a propane-oxygen pot furnace. During sintering,

the specimens were enclosed in covered thoria crucibles to avoid contact

with undesirable vapor species that may be present in the furnace chamber.

To prevent the disks from sticking to each other during sintering, they

,were separated using powders sintered at 2250 C as spacer material.

The ThO2 solid solution compositions sintered in oxygen range

in color from ivory white to brown, the intensity of the brown color in-

creasing with Y'01 5 for a given sintering temperature and increasing

with temperature for a given TO content.
1.5

Typical microstructures of polished and etched surfaces of

the sintered specimens are shown in Fig. 1. The pure thoria was etched

by hot phosphoric acid and the others by hot sulfuric acid. The grain

size of all of the specimens is of the order of 20 microns, and increases

slightly with increasing ,1.5 content. The pore size also appears to

increase with YO0 5 content. The porosity has been roughly estimated

I
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at 2-4 percent in the specimens with 0 to 15 mole percent YO1 .5, the

higher porosity applying to the higher YO 1 5 content.

III. PHASE RELATIONS

Specimens that had been sintered between 14000 and 22000 C

for 3 to 6 hrs. in an oxygen atmosphere were cooled in the furnace

after turning off the gas flame. X-1syr examination of the sintered

specimens, using Cu Ka radiation, was used to determine the phases

present.

The system may conveniently be divided into three regions:

ThO2 -type solid solutions, Y2 03 -type solid solutions and a two phase

region separating these two solid solutions. Solid solutions with

fluorite-type structure were found up to 45-50 mole % Y-O1 5 at 2200 C,

decreasing to 20-25 mole % YO1. 5 at 14000 C. The latter value is

consistent with Hund and Mezger's results.lI) The lattice parameters

of specimens sintered at 22000 C are given in Table III and plotted in

Fig. 2. These values were obtained from diffraction lines with 29 > 1000

(5)and extrapolated according to the method of Nelson and Riley. The

decrease of lattice constant with YO 1 content is due to the smaller

size of the Y3+ ion (0.92 A) compared to the Th ion (0.99A).
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IV. DEFECT STRUCT!RE AND IONIC CONDUCTIVITY
OF THE FLWCITE PHASE

When the Th ions are replaced by Y ions, charge neutrality

can be restored by one of two structural schemes: (1) The cation sub-

lattice is completely filled by Th and Y3+ ions and the appropriate

number of anion vacancies are created. (2) The anion sublattice is

complete and the excess cations occupy interstitial sites. In order

to distinguish between these two models, densities corresponding to

them are computed using the lattice parameters listed in Table III.

These density values are compared in Fig. 3 with those measured

pyenometrically on powders, sintered at 22000C, using butyl phthalate

as the liquid. On the basis of these data, it was concluded the ThO2

solid solutions have fluorite type structure with a filled cation

sublattice and anion vacancies. These solid solutions may therefore

be represented by ThlYO0
hl-Jx x2-O5x"

The densities of sintered disks used for conductivity

measurements were measured by a displacement method using butyl

phthalate. These values are also included in Fig. 3 and show that

these specimens have a porosity of 1-5%, in agreement with the photo-

micrographic study.

Electrical conductivity was measured on the sintered

disks with platinum paste electrodes at a frequency of 1000 cps
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using a modified General Radio capacitance bridge in conjunction with

decade resistance and capacitance boxes. The data for ThO2 (obtained

- by the decomposition of the nitrate as well as the oxalate) and for

ThO2 with 1, 2 and 9% YO. 5 for the temperature range 5000 to 140°C

are shown in Fig. 41, where log aT is plotted versus reciprocal absolute

temperature. The conductivity increases with increasing YOI.1 5 content.

This behavior is consistent with the notion that the current carrying

species in these solid solutions are the anion vacancies and that the

conductivity increases with anion vacancy concentration.
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Table I -- Spectrographic Analyses of Starting Materials

Th(No 3 )4  Y(No 3 )3

Element ppm Element ppm

Bi < 1 Mg 20

Ca 2.5 Si 200

Cu 2 Fe 200

In < 1 Mn 50
Mg 3 Ca < 100

]Nb < 2 Al 50

Pb <1 Cu < 100

Si 15 Ti - 50
Sn < 1 Co < 100

Ti < 2 Ni < 100

U < 100

w <30

Zn < 10

Zn 3

Y 2

Ce < 200

Au < 10

Ba <3

K <6
Na 3

P < 50
Sb < 1

Sn < 1
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Table II -- Densities of Sintered Thoria Specimens

Hydroxide Oxalate
Sintering (Calcined at (Calcined atj Conditions 6000 C - 8 hrs.) 9000 C - 12 hrs

12000C - 2 hrs. 7.4g cm" 3  7.3 g cm' 3

I 14060C - 2 hrs. 7.5 7.8

1600°C - 2 hrs. 7.3 8.9

1800C - 2 hrs. 7.9 9.7

1
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I- Table III -- lattice Parameters

Mole % Y01 •5* Lattice Constant, a,

0o 5.-596 0.0oo1

5 5.588 0 o.o01

10 5.582 - 0.001

15 5.572 ± 0.001

20 5.568 ± o.oo1

25.7 5.549 ± o.001

30 5.54o ± o.ool

35 5.527 0 0.001

4o 5.512 ± 0.001
50 5.490 ±0.0o0

55 5.483 ± 0.002

60, 5.500 + 0.002

*Specimens were sintered in oxygen at 22000 C for 3 hrs.
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FLUORITE PHASE IN THE SYSTEM ZrO2-CaO:
X-RAY AND ELECTRICAL CONDUCTIVITY STUDY*

I by

T. Y. Tien and E. C. Subbarao

ABSTRACT

In the Zro2 -CaO system cubic solid solutions of the fluorite-type

structure are formed between 12 and 22 mole per cent CaO for specimens

fired at 20000C and subsequently quenched from 14000C. The lattice para-

meter increased linearly from 5.125 A to 5.144 A with increasing CaO

content. Results of X-ray diffraction intensity studies favored the

oxygen ion vacancy model over the cation interstitial model for these

solid solutions. As the CaO content was increased from 13 to 20 mole per

cent, the electrical conductivity at lO000C decreased from 5 x 10 to

6 x 10-3 ohm"I cm"1 and the activation energy increased from l.11 to 1.35

e.v. Specimens heated at 1000C for one week showed extra X-ray diffraction

lines. These data coupled with accompanying changes'in electrical conduc-

tivity are discussed in terms of an order-disorder transition.

* Supported by ARPA through Office of Naval Research.
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I. INTRODUCTION

Over the years, zirconia, Zr02 , and zirconia combined with oxides

of di- and tri-valent metals have been the subject of numerous investi-

gations, first as a refractory and more recently as a solid electrolyte
inglai 1 an ulcls 2

in galvanicI and fuel cells. Summaries of the voluminous literature on

zirconia are presented by Ryshkewitch,3 Roth,4 Stocker,5 and Collongues

et al.6 among others.

Zirconia has monoclinic symmetry at room temperature and transforms

to a tetragonal form at about 11000C, accompanied by a large, disruptive

volume change. Duwez et al.7 showed that zirconia compositions contain-

ing 16 to 30 mole per cent CaO have cubic symmetry when quenched from

20000C. On the otherhand, Hund found the cubic phase to exist from 10

to 20 mole per cent CaO in specimens prepared at 1460'C. Dietzel and

Tober 9 reported that cubic solid solutio•q pxtend from 7 to 24 mole per

cent CaO at 18000C and from 14 to 20 mro1 perr cent CaO at 1400°C. A

recent Russian investigation10 places the cubic phase field between 10

and 40 mole per cent CaO in specimens prepared at 1500 0C. Thus, consid-

erable disagreement exists about the cubic phase region in the ZrO2 -CaO

system.

The cubic solid solutions in this system have the fluorite-type

structure. Hund8 compared measured densities with values computed for

two structure models: one in which anion vac~pcies are created and the

other in which excess cations occupy interstiti4l sites. His results

support the anion vacancy model, i.e. the Zr• 'q ions completely

-fill the cation sites and electrical neutrality is p:.esorved by the

creation of anion vacancies, the number of vacancies created being equal

to the number of molecules of CaO added.

Electrical conductivity measurements by Hund, 8 Trombe and Foexl1

Kingery et al.12 and others revealed rather high electrical conductivities

for these cubic solid solutions at elevated temperatures. Kingery et al.12

have demonstrated by means of oxygen diffusion and conductivity measurements

that the transference number for oxygen ions in Zr 0 . 8 5 Cao0 1 5 01.85 is



near unity. Recently, Rhodes and Carter13 measured the cation mobility

in these solid solutions and found that the diffusion rates of both
4+ 2+

Zr and Ca ions were several orders of magnitude lower than that

measured for the oxygen ion. Weissbart and Ruka's results indicate

that the electronic conductivity makes rather a small (perhaps less than

2 per cent) contribution to the total conductivity. Thus, the electri-

cal conductivity is essentially due to the movement of oxygen ions through

anion vacancies. This relationship between conductivity and anion vacancies

in thesesolid solutions might be expected to lead to an increase in conduc-

tivity with an increase in the concentration of anion vacancies (and CaO

P content). However, the limited available data such as that reported by

Trombe and Foex indicate decreasing conductivity with increasing CaO

content in the cubic phase field.

The present investigation was undertaken: (1) to delineate the cubic

phase boundaries when high purity materials are used, (2) to obtain support

for the anion vacancy structure model for the fluorite-type phase by means

of X-ray diffraction intensity studies, (3) to measure electrical conduc-

tivity of several cubic solid solution compositions over a wide range of

temperature, and (4) to attempt an explanation for the relationship be-

tween conductivity and anion vacancy concentration.

11. SPECIMEN PREPARATION

Chemically pure calcium carbonate and hafnium-free ZrO2 were used

22to prepare the CaO-Zr0 2 compositions. The spectrographic analysis of

the ZrO2 appears in Table I. The weighed mixtures were wet blended

using acetone as the vehicle, dried, and then reacted at 1350 0C for 24

hours in platinum containers. The reacted mixtures were comminuted, com-

pacted into right circular cylindrical specimens and then sintered in an

oxygen atmosphere in a muffled propane-oxygen pot furnace at 20000 C for

2 hours. The sintered specimens were subsequently annealed at 14000C for

one week. The apparent densities of all compositions were in the range

90 to 95 per cent of theoretical. The theoretical densities were computed

from lattice parameter data and were based on the oxygen vacancy model.

The representative microstructures are presented in Figure 1.



| III. RESULTS AND DISCUSSION

1. Solid Solubility[ X-ray diffraction photographs were obtained with a c1.4 cm Debye

-Scherrer camera on a Norelco diffraction unit using Cu Kc radiation.

Single phase cubic fluorite-type solid solutions were observed for com-

positions containing approximately 12 to 22 mole per cent CaO. These

"3 specimens were heated at 2000*C for 2 hours, annealed at 1400°C for one

week and then air quenched from 1400 0C. The lattice parameters versus

composition are plotted in Figure 2. The values were obtained by measur-

ing diffraction lines with 2 e>1000 and extrapolating by the method of

Nelson and Riley.15 The back reflection lines of compositions contain-

ing less than 12 mole per cent CaO were always so diffuse that accurate

lattice parameter measurements could not be madeo Compositions contain-

ing 11 mole per cent CaO, or less showed monoclinic ZrO2. CaZrO3 was

detected in samples with 24 mole per cent CaO or more. Thus the X-ray

study places the limits of the cubic phase at approximately 12 and 22

mole per cent CaO.

Crushed fragments of the specimens were examined with a

petrographic microscope using crossed nicols. Birefringent phases (mono-

clinic ZrO2 and CaZrO3 ) were detected in 12 and 22 mole per cent CaO

compositions. Polished and etched surfaces of the sintered specimens

were viewed under a metallographic microscope. Traces of second phase

inclusions were observed in 12 and 22 mole per cent CaO samples, as shown

in Figures 1 a and 1 c.

According to the present results, the cubic phase extends

from between 12 and 13 mole per cent to between 20 and 21 mole per cent

CaO under the conditions of preparation employed. These limits are in

fair agreement with Hund's data.

2. X-Ray Intensity Study

The ZrO2 -CaO solid solutions crystallize with the cubic

fluorite-type structure of space group Fm3m. Hund proved by density

measurements that the cation lattice sites were completely filled with
4+ 2+

Zr and Ca ions and that anion vacancies were created to preserve

electrical neutrality. The present experiment was performed to find

direct X-ray evidence for the proposed model.



The intensity of X-ray diffraction lines was measured on

a Norelco diffractometer using Cu K•. radiation. The composition studied

contained 14 mole per cent CaO and was heated at 14000C for a week, after

sintering at 2000 0C for 2 hours.' The structure factors, ', , were then
calculated by the relationship:

Foj(k) = Kj W~~hd P 1

where Iobs is the observed intensity, p is the Lorentz-polarization

factor, M is the multiplicity factor and K is a scale factor. The

observed structure factors were then compared with the calculated values.

These calculations were based on two models: (1) all cations randomly

located on the cation lattice sites with compensating anion vacancies,

and (2) completely filled anion sites with the excess cations located

in 1/2, 1/2, 1/2 interstitial positions, which were considered to be

the most probable sites. The calculated structure factors were obtained

K. by:

N (2)

' L

and

-b ( 
(3)

where b is the tabulated ionic structure factor; B is a temperature

factor and u, v and w the coordinates of the ions. The temperature factor

used here was 2.3 x 10- 6cm

The results obtainled are listed in Table II. In general,

the anion vacancy model fits the observed values better. The disagreement

factor., R, was computed according to:

F. F-- (i

and the values obtained were:

1. R 6.2% for the anion vacancy model.

2. R = 11.2% for the cation interstitial model.
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These results favored the anion vacancy model over the cation

interstitial model. However, the existence of a mixture of both models

p could not be completely excluded on the basis of these results.

3. Electrical Conductivity

j Electrical conductivity was measured at 1000 cps on all specimens

which were heated at 14000C for one week after sintering at 20000C for

2 hours. Measurements were made on a General Radio impedance bridge Model

650A with an external null detector. Platinum electrodes were applied in

the form of paste to the cylindrical specimens which were then heat treat-

ed a:tL 400 0C The specimen was spring loaded between two platinum blocks

to which platinum lead wires were attached. The whole assembly was heated

in a platinum wound tube furnace at a heating rate of 10C per minute and

measurements were made at 20*C intervals from 500 to 14000C. The results

are presented in Figure 3 where log conductivity is plotted versus recip-

rocal absolute temperature. Between 500"C and about 11000C the conduc-

tivity, 0-(ohm l-cm- ) can be represented by:

0- = Aexp (5)

where Q is the activation energy, k is the Boltzmann constant, T is the

absolute temperature and A is a pre-exponential term. The conductivity

-temperature data for the various cubic solid solutions are given by the

following:

1.2 xl-lex _ll ohm-l-cm-I for 13 mole % CaO1.26 x lO3 -eU 1kT

exp kTfor 13 mole % CaO

1.52 x 103 exp k117 ohml-cm-1  for 15 mole % CaG
kT ohm

3 -1.30 -l -

2-17x01 ohm-l-cm-1 for 16 mole % CaO

1.71 x 10 exp LI- ohm-l-cm-l for 18 mole % CaO

1.37 x 10 3 exp .-"35 ohm-l-cm"1  for 20 mole % CaOkT
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The results for the 15 mole per cent Ca0 composition may be com-

pared with those of Hund8 and of Kingery et al.12 For this composition,

V IHund obtained an activation energy of 1.21 e. v. and Kingery's data can

be expressed by r = 1.50 x 1O3 exp (-1.26/kT). Thus, the activation

F energy for conduction obtained by different investigators is in fair

agreement. However, the conductivity values differ widely. Hund's speci-

mens, which were prepared at 15000C and therefore were perhaps more porous

than Kingery's and our specimens, have the lower conductivity. Though

Kingery's specimens, like ours, were prepared at 2000 0C, his conductivity

values are lower than those reported here. This may possibly be due to

y contact resistance effects as a result of employing spring loaded platinum

blocks, whereas painted platinum electrodes were used in the present study.

The conductivities obtained by different investigators at 10000C for

Zr 0 . 8 5 Cao. 1 5 01.85 are compared below:

-l -1
Conductivity, ohm-lcm Investigator

4 x l0-3 Trombe and Foex1 1

2.7 x 10-3 Volchenkova and Pal'guev1 0

2.2 x 10-3 Hund8

2.3 x 10-2 Kingery et al.12

2.6 x lo Rhodes and cart13

3.3 x 10- 2  Present Work

The improved conductivity of the present material may be attribut-

ed to several factors; higher purity materials, higher density and possibly

better electrodes.

The present results show that with increasing CaO content, the

activation energy increases and the conductivity decreases for any given

temperature. However, the conductivity maximum reported by Trombe and

Foex and by Volchenkova and Pal guev at 15 mole per cent CaO was not

observed in the present work. The variation in the pre-experimental term

with CaO content observed in the present study is not considered significant.

The electrical conductivity, r-, of an ionic solid can be written1 7

as:

- iqL •'• ~ (6)



where ni is the density of carriers of type i with effective charge of

q and mobility/4. In the introduction, evidence has been cited showing

that the cation and electronic contributions to the total conductivity

of the fluorite phase in the ZrO2 -CaO system are very small. Therefore,

anion vacancies dominate the conduction mechanism. Hence, equation (6)

may be rewritten as:

-= n q. (7)

where all the symbols are now referred to oxygen ions. The concentra-S~8
tion of anion vacancies is fixed by composition, i.e. each molecule of

CaO added introduces one anion vacancy. It may, therefore, be expected,

- as in the case of impure alkali and silver halides, that the conductivity

increases essentially linearly with defect concentration. However, the

present data (Figure 3) show that the conductivity actually decreases as

the CaO content is increased from 13 to 20 mole per cent. This is shown

more clearly in Figure 4, where the logarithm of conductivity was found

j to decrease with CaO content at an approximately linear rate, the rate

of this decrease decreasing with increasing temperature. This behavior

can arise from either or both of the following: (1) a decrease in charge

carrier concentration and (2) a decrease in carrier mobility, with in-

creasing CaO content.

In the solid solutions under discussion, the defect concentration

(Ca2+ ions and anion vacancies) is quite high. Under these conditions, the

charges tend to balance themselves locally so that the probability for the
2+

formation of Ca ion - anion vacancy complexes, or probably larger clusters,

is quite high. Lidiard17 has shown that at low concentrations (c ' 1%)

the degree of association increases with increasing defect concentration.

However, the number of free carriers continues to increase with increasing

defect concentration but undoubtedly at lower than a linear rate. Thus

the simple association theory does not account for decreasing conductivity

through reduced carrier concentration.

The following model is proposed to account for the observed depen-

dence of conductivity on CaO content. The oxygen ion, which is the charge

carrier, has to pass between two metal ions to reach an adjacent anion site.
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These metal ions may be two Zr ions, one Zr and one Ca ion, or twoii2+ 2+.
Ca ions. In as much as the Ca ion (0.99 A) is approximately 25%

4+
larger than the Zr ion (0.78 A), it is expected that the energy required

2+
for an oxygen ion to pass between two Ca ions will be largest while that

for the case of two Zr ions is the smallest. Each oxygen ion is surrounded

by four metal ions in the fluorite lattice. As the Ca0 content increases2+ ;from 13 to 20 mole per cent, the probability of having one Ca ion as a

nearest neighbor to an oxygen ion increases from 34% to 41% and the prob-

ability of having two Ca2+ ions as nearest neighbors to an oxygen ion

"increases from 7.7% to 17%. Therefore the activation energy for conduc-

tion increases and consequently the conductivity at a given temperature

decreases with increasing CaO content. The above calculation is basedS2+ 2+
on a random distribution of Ca ions. If an ordering of the Ca ions

and anion vacancies takes place, as discussed in the next section, the
2+

probability of an oxygen ion passing a Ca ion in reaching an anion vacancy

increases and therefore the conductivity is lowered.

Kingery12 obtained good agreement between the diffusion coefficient

calculated from his conductivity data using the Nernst-Einstein relation

and the measured diffusion coefficient for oxygen ions in Zr 0 . 8 5Ca0. 1 5 01 . 8 5 .

This fact was the basis for attributing the electrical conductivity to

oxygen ion mobility. Anion diffusion coefficients calculated using conduc-

tivities of the present study and the Nernst-Einstein relation are higher

(by about 50%) than values observed by Kingery. Two possible factors, if

applicable, would tend to bring the calculated and observed diffusion
coefficients closer: (1) correlation factor17 which for fluorite structure

has a value of 0.65* and (2) defect ordering which may take place at

lower temperatures during the diffusion experiments which may make the

use of lower conductivities of the ordered state more appropriate.

In the temperature range 1000 to 1200 0C, the log 0-vs l/T curves

show a change in slope, the magnitude of which increases with increasing

CaO content (Figure 3). This is believed to be a true behavior of the

* The correlation factor, f, is defined by: f- F(kT/IN )
where r•i t , and q. are the diffusion coefficient, electrical con-

ductivity and charge of i ions, respectively. N is the concentration

of lattice sites of a given kind, The other symbols have their usual

significance.



material and not related to equipment or measurement techniques. The

change in slope arises from an order-disorder transition as discussed

in the next section.I
4. Order-Disorder Transition

Specimens, sintered at 2000*C for 2 hours and annealed at 1400 C

for one week, showed only the cubic fluorite phase by X-ray diffraction.

However, on further annealing the same specimens at 1000"C for one week,

extra diffraction lines appeared which were not present in the 1400*C

annealed samples. The extra lines could not be accounted for by monoclinic

or tetragonal Zr0V2 or CaZrO3 . Thus a decomposition of the cubic phase at

1000" can be ruled out. No second phase was observed with the petrographic

microscope.

The indexed X-ray patterns of the 20 mole per cent CaO sample

heated at 1400C and at lO000C are given in Table III. The pattern for

the lO00C sample was indexed by taking a cell edge four times the basic

cubic cell edge. The superstructure lines disappeared when the specimens

were reheated to 1400oC indicating a reversible order-disorder transition.

Electrical conductivity versus temperature data for a 20 mole per

cent CaO specimen annealed at lO000C for a week are shown in Figure 5. At

temperatures below 1100°C, those specimens heated at lO00"C exhibited a

lower conductivity than those heated at 1400°C. Beyond 1100"C, the 1000*C

heat treated specimens exhibit a change in slope of the log O versus l/T

curve and become more conductive. On reheating the same specimen, the

log r versus l/T plot gives a straight line with a displacement of the

curve to a higher conductivity at lower temperatures and joining the first

curve at higher temperatures. This fact, coupled with the X-ray diffraction

data were the evidence of an order-disorder transition in these solid solu-

tions. The ordered phase was less conductive -ai was transformed into the

disordered phase at about 11000C. The disordered phase was preserved meta-

stably and exhibits a higher conductivity on reheating. At 10000C, the

conductivity of the disordered phase is approximately 50% larger than

that of the ordered phase of Zr o.8OCao.20Ol.8 for this particular heat

treatment.



The same effect was observed for all compositions; however, it

was more pronounced at higher CaO concentrations which indicates that a

higher percentage of the ordered phase is formed at higher CaO concen-

trations.

The available powder X-ray diffraction data do not permit an

understanding of the nature of the ordering taking place in these solid

j solutions. However, the fact that the ordered state exhibits lower con-

ductivity than the disordered state must imply that anion vacancies assume

ordered sites instead of being randomly distributed. The following is
2+

therefore proposed as a plausible ordering mechanism. The Ca ions assume

ordered cation sites. This is facilitated by their large concentration (13

to 20 mole per cent) and the low cation diffusion rates1 3 (Dc2+ /vl0 -19 cm2 sec 1

-17 2 -lCa
and D-4+/,lO-17 cm sec in Zro 8 4 Cao 1 6 0184 at 1000°C*). The ordered

Ca ions attract anion vacancies to the nearest neighbor positions due to

coulombic forces. Thus, the anion vacancies become ordered leading to

decreased ionic conductivity. Confirmation of this model may be sought

via neutron diffraction studies of ordered solid solutions. The order

-disorder transformation observed here is somewhat analogous to the transi-

tion from a disordered fluorite to an ordered pyrochlore structure reported

in the ZrO2 - rare earth oxide systems. 6

IV. SUMMARY

1. In specimens prepared from high purity ZrO2 and CaCO3 at 20000 C,

fluorite-type solid solutions exist from between 12 and 13 mole per cent to

between 20 and 21 mole per cent CaO.

2. X-ray intensity data are consistent with the structural model

with Zr4+ and Ca2+ ions completely filling the cation lattice sites, and

oxygen ion sites, equal in number to the mole per cent CaO added, being

left vacant.

3. In the temperature range 500 to 10000 C, the electrical conduc-

tivity can be represented by an Arrhenius-type expression G-= exp (-Q/kT)

where the activation energy, Q, increases with increasing CaO content.

* Obtained by extrapolating Rhodes and Carter's data. 1 3



I 4. The logarithm of conductivity decreases with increasing CaO

content essentially at a linear rate, the rate of decrease decreasing

with increasing temperature.

5. The X-ray diffraction patterns of samples annealed at I000C

exhibit super-structure lines which disappear upon heating the specimens

to 14000C. At temperatures below about 11000C, the conductivity of these

specimens heated at 1000 C is approximately 50% lower than those heated

at 1400 0C. Above 1100"C, both conductivity curves coincide. This behavior

has been interpreted in terms of an order-disorder transition, involving

the Ca ions and the associated anion vacancies.
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TABLE I

Y SPECTROCHEMICAL ANALYSIS OF ZrO2

1~
ELEMENTS DETECTED ESTMATED CONCENTTION

Fe 0.009 - 0.09%

Mg 0.0003 - 0.003%

Cu 0.0002 - 0.002%

Si 0.0006 - 0.006%



TABLE II

X-RAY DIFFRACTION INTENSITY DATA FOR POWDERED
Zr0 . 8 6 C60 .14 01.86 SPECIMENS

Fcalc

ANION CATION
VACANCY INTERSTITIAL

h k 1 Fobs MODEL MODEL

111 137.74 138.95 126.64

200 78.49 84.76 89.83

220 127.96 138.89 147.20

311 94.71 93.45 85.17

222 76.73 66.28 70.25

400 82.41 93.09 98.65

331 71.45 67.47 61.49

420 53.17 50.38 53.40

422 69.42 68.02 72.09

511 53.01 50.42 45.96
(333)
440 50.36 51.32 54.39

531 40.89 39.58 36.07

442 38.06 29.95 31.73
(600)
620 37.55 39.80 42.18

533 30.57 30.16 27.48

I
S.. ..
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TABLE III

X-RAY DIFFRACTION PATTERNS FOR Zr Cao 0
0.80 0.20 01.80

OBSERVED d VALUES CALCULATED d VALUES

Annealing Temperature

l4OO'C l0000C a = 5.142 A a = 20.568 A
d,A d,A h k 1 d, A h k 1 d, A

3.64 440 3,636

3.28 620 3.250

2.96 2.97 ill 2.963 444 2.968

2.57 2.57 200 2.571 800 2.571

2.01 10,2 0 2.017
(862S

1.816 1.815 220 1.8182 880 1.8182

1.715 12 0 0 1.7143

1.549 1.549 311 1.5503 12,4,4 1.5503

1.483 1.483 222 1.4845 888 1.4845

1.284 1.315 400 1.2855 16,0,0 1.2855

1.179 1.179 331 1.1796 12,12,4 1.1796

1.150 1.150 420 1.1498 16,8,0 1.1498

1.050 1.049 422 1.4095 16,8,8 1.4095

0.9968 0.9883 5101 .9898 2o,4,4 0.9898
(333) (12,12,12)

0.9074 O.9084 440 0.9091 16,16,o 0.9091

0.8684 0.8694 531 0.8690 20,12,4 0.8690

o.8561 0.8567 600 0.8572 24,0,0 0.8872
(442) (16,16,8)

o.8125 0.8129 620 0.8130 24,8,0 0.8130

0.7839 o.7841 533 o.7842 20,12,12 0.7842
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(a) 12 mole % CaO, (monoclinic
ZrO2 grains are shown by arrows)

(b) 16rmoleCaO

(c) 22 mole CaO

Fig. I-Microstructure of ZrO2 - CaO ceramics

(2000C C-2 hours, 1400 *C -one week)

1 CLM 25716
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CfDER-DISC6DER AND IONIC CONDUCTIVITY IN CUBIC ZrO2 -CaO*

j E. C. Subbarao and P. H. Sutter

In the fluorite-type cubic Zr 1 xCax02.x solid solutions

(0.12 < x < 0.22), the Zr and Ca ions completely fill the cation

sublattice while a fraction, xE of anion sublattice sites are vacant.

The work of Wagner and others has established that the electrical

conductivity of these solid solutions is due entirely to the migration of

the oxygen ion vacancies. This system has attracted considerable research

effort recently. (4-6)

(6)Tien and Subbarao have recently found an electrical con-

ductivity change that depends on the heat treatment of the specimen

and have interpreted this behavior as the result of an order-disorder

transition, They also found superlattice lines in the x-ray diffraction

pattern associated with the ordered state. Additional evidence

concerning the order-disorder phenomenon and the associated ionic con-

ductivity changes are presented here.

A cylindrical specimen of Zro.8 2 Cao. 1 8 01.82$ which had been

sintered at 2000°C and painted with platinum paste electrodes, was used

"*Supported by ARPA through the U.S. Office of Naval Research
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for the electrical conductivity measurements at 1000 cps. The upper

line in the log a vs l/T plot (Fig. 1) represents the conductivity in

the disordered state as measured during rapid heating (20 C per minute)

of the sample which had been quenched subsequent to a long anneal at

l14000C. The lower line was measured during cooling at 2/3 0 C per minute

after a 64 hour anneal at i000°C that had resulted in the establishment

of the ordered state with its lower conductivity. Cycling between the

ordered and disordered states is possible merely by repeating the

appropriate heat treatment so that the effect is clearly due to

recoverable structural changes.

The conductivity changes with time during the disorder-order

transition were also studied. The specimen was obtained in the dis-

ordered state by annealing at 14o00 C in the conductivity measuring

apparatus which was then rapidly cooled to about 500°C by withdrawing it

from the hot zone of the furnace. The furnace was then stabilized at

the desired annealing temperature and the sample holder was reinserted

fully into the hot zone. This resulted in a rapid rise to the isothermal

annealing temperature., at which The conductivity was measured as a

function of time. The results at 8850 C are shown in Fig. 2. About

half of the conductivity change occurs in 100 minutes, but the

rate of change becomes slower as the transition continues. Hence, not

surprisingly., the decay is not an exponential prcocess with a single

relaxation time.
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The diffusion coefficient for the cations in this system is

many orders of magnitude less than that for the oxygen.(3) The measured

transition rate seems to be too slow for the process to be oxygen dif-

fusion controlled since the diffusion length would be about 0.1 mm for

a time of 100 minutes. However, it is consistent with a cation dif-

fusion controlled reaction over distances of a few lattice spacings.

This indicates that the conductivity change is associated with cation

migration over distances so small that appreciable composition in-

homogeneities cannot be established. The importance of cation ordering

is also shown by the fact that the observed x-ray superlattice lines are

primarily determined by the cation arrangement due to their much higher

scattering power.

According to the present results and those of Tien and Subbarao,

the conductivity change is interpreted as an order-disorder phenomenon

rather than the precipitation of a second phase. Order-disorder requires

only a rearrangement of the atoms by means of a few atom jumps without

any composition change. Precipitation implies the growth of regions of

a second phase which have a composition different from the high tempera-

ture material, while regions which remain in the fluorite phase would

decrease in calcium content. Conductivity changes with increasing Ca

content in the ZrO2 -CaO system have recently been attributed to a

decomposition of the cubic phase, which is apparently supnorted by
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' ~~(7p,,
earlier x-ray studies. Similar arguments may be advanced to

account for the conductivity changes with time that are discussed here.

j It is, however, concluded that these changes arise from an order-

disorder effect since: 1) According to the phase diagram,(9) the

likely second phases are monoclinic (tetragonal) ZrO2 and CaZrO2 ~ 3*

There is no trace at all of these phases in the X-ray patterns. On

the contiary' the patterns show superlattice lines that are expected

for an ordered arrangement of the lattice into a larger unit cell.

The intensity of these superlattice lines increases with increasing

Ca content as does the magnitude of the conductivity change. 2) The

kinetics of the transformation are consistent with a cation migration

of only a few atom jumps and are too fast to allow time for segrega-

tion into phases of different composition. 3) The lattice parameter

of the fluorite lattice does not show any change of composition with

ordering although precipitation of a second phase would imply the

depletion of the Ca content in the remaining fluorite phase. 4) No

phase separation was observed in polished sections under the microscope,

even in samples which exhibited superlattice diffraction lines.
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COMMON PROPERTIM OF Cd2N207 DPb 1. 5 2 06.5

R. Mazelaky and W. E. Kramer

Introduction

Pyrochlore is a mineral of the approximate composition NaCaNb 206F.

j Materials of this structural type became of interest when ferroelectric

properties were observed in Cd2Nb207.(l2) Cook and Jaffe further reported

a defect pyrochlore of the composition Pb1 5INb20 6 . 5 . Jona, Shirane and

Pepinsky(3) clarified the structure of C 2 Nb20 7. They reported a network

of NbO6 corner sharing octahedra with the seventh set of oxygens and the

cadmium ions occupying open spaces in the lattice. These relatively "un-

attached" ions lead to the possibility of ionic conductivity. The same

situation exists for Pbl,5Nb206,5 except that some of the lead and oxygen

sites are vacant. On the other hand electronic conduction is possible as

a result of the variable valency exhibited by both lead and cadmium oxides.

I (CdO via Cd(m) interstitials and PbO with its positive two or four valence).

An attempt will be made to elucidate the conduction type in these materials.

Preparation

The materials were made from Nb 0 (99.7% minimum purity) CdO
2 5

and PbO (Fisher Certified). For the purpose of comparison cadmium and

lead oxides were prepared from 99.999+4 metal by means of solution,

precipitation and careful oxidation to the monoxide.
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The oxides were weighed to yield a product of the appropriate

composition. The reactants were mixed thoroughly, compacted into a

cylinder, and prefired at 8000 for 24 hours. Weight losses of less than

1 part per thousand were observed. The pellet was placed in a platinum

Icylinder and put into a quartz tube which was previously sealed at one

end. A small excess of CdO, equivalent to the weight loss observed, was

I added. The quartz tube was evacuated and back filled with oxygen to

about 1/ 4 atmosphere. The quartz tube was then sealed. T]ie tube was

heated near the melting point of Cd2r"o07 - approximately 1400 - for

3 hours. A similar procedure was used for the preparation of Pb l5Nb2 06.5

0A final firing temperature of approximately 1290 was used.

The resulting products were rounded on the edges - indicative

- of incipient melting. They were quite crystalline and orange in color.

Small pieces were chipped off for x-ray identification photographs and

symmetrical cylinders were cut out for measurements. All samples used

for measurement had a density 95±+4 of theoretical.

Experimental

Using the procedure described above a solid solution series

of the type (1-x) Cd2Nb 2 07 - x Pb1 5 Nb2 06.5 was prepared. Chemical.

analyses were made on samples where x = 0.15 and x 0.85 and the
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compositions as reported agree with the analysis within experimental

Y error. The results are shown on Table 1.

Table 1

.85 CdNbO07 - .15 Pb. 5Nb2 06 . 5  .15 CdNb2 07 - Pbl 5 Nb2 06 5

p Theor. Exp. Theor. Exp.

Pb 8.72 8.39 44.86 43.4

Cd 35.76 35.6 5.73 6.36

Nb 34.78 35.5 31.55 32.0

A complete range of solutions appears to exist, the lattice parameter

varying nonlinearly with composition as shown on Fig. 1. The powder

diffraction photographs were taken with a Phillips unit having 114.6 mm

diameter.

Resistance measurements as a function of temperature were made

using an impedance bridge. The pellets used were cylindrical specimens,

the ends of which were plated with platinum to decrease contact resistance.

Spring loaded platinum electrodes were used.. The sample and holder were

heated in a resistance furnace in air. The results are shown on Fig. 2.

The activation energies calculated from the ln p vs 1000/T are shown on

Fig. 3. A minimum in the activation energy is observed at about "x" = 0.15.
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If one plots isothermal resistivity vs composition, at all the tempera-

tures between 8000 C and 1150 C, a resistance minimum is observed at

"x" R 0.10 with a broad maximum over the center range of composition

(x = 0.3 - 0.8), the resistivity dropping back to approximately that of

J - Pbl.5Nb206.5 at x = 0.9.

Cylindrical pellets were used to measure EBT with a P201 = 5

I where P and P, were pressures of oxygen on opposite sides of the pellet.
2 1

Fig. 4 is a schematic of the holder used. The thermocouples are used fQr

temperature measurement on both sides of the specimen. The platinum legs

on both sides are further used as lead wires to measure EMF. The holder

proper is made of lavite, the steel rods being of a length such as to

keep the springs outside the furnace. The specimen faces are platinum

coated to ensure contact between the thermocouple and the sample. The

reaction that occurs is assumed to be 02 + 4e" -+ 20= and the percent

oxygen ion conductivity was based on the calculated value. Due to

the high resistance of the sample, the sensitivity of the EMF measure-

I ments was low below 85 0 °C. Measurements were taken at 850 °C and 9000 C.

The results are summarized on Table 2.
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Table 2

% Ionic Conduct.

Material 8500C 9000 C Porosity (W)

CaO1.5 - Zr02.85 94 ~ 7

Cd2Nb2 07  57 12 - 6
• b95 0C2o7 -. 05 0b.5No6.5 14 7 - 8

.9 Cd2Nb207 1 •iPb 5NbO06.5 10 5 - 5

.5 Cd2N 2 07 - 15 -.5 206.5 0 0 - 5

bl.5 dNb2 06.5 0 0 o l

Resistivity measurements as a function of oxygen pressure
were made on Cd2'b207 and Pb 5Nb206.5" Oxygen pressures of 1.5 mm

to 760 mm were used and the log pressure was plotted versus log

resistivity. Cdlb 2 07 showed little if any dependence on oxygen

0 0pressure below 900 C. At 1030 C a variation in resistance was ob-

served with pressure, but the results were not conclusive. Measure-

ments of Pbl. 5 Nb2 06 .5 at 8000C, 9000 C, and l0000C are shown on

Fig. 5. The resistivity is observed to vary with the pressure of

oxygen to the 1/4 power.

Discussion

At present writing final conclusions have not yet been made.

However, certain observations can be made.
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c. Below 1000°C Cd2b 2 07 seems to be predominately an ionic

conductor. This is verified by both EMF measurements and the independence

of resistivity with oxygen pressure.

2. Pbl 5 Nb 2 0 6 5 is an electronic conductor. The mechanism

V by which the electronic:' carriers are provided has not yet been

clarified. However, some insight can be gained by the dependence of

resistivity on oxygen pressure.

3. The variation of resistivity with composition is not clear.

The minimum observed at about .9 CdOb207 - .1 Pb 15Nb206.5 can be ex-

plained by the presence of electronic conduction, but the broad maximum

observed over the center range is not clear - particularly since EMF

measurements show these compositions are electronic conductors. The

dependence of resistance on oxygen pressure has not yet been determined

for these compositions, but this work will be done.
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Figure Captions

Fig. 1 - Lattice Parameter vs "x" (mole fraction Fbl. 5Nb 2 O6 .5)

j Fig. 2 - P/Po vs 1000/T

Identification No. P0  "x" (mole fraction Pb 1 . 5Nb 2 06 5)

1 4.4 x :106 0.00

2 1.2 x 10"4 0.05

3 1.8 x l0"4 0.15

14 3.9 x 105 0.50

5 5.5 x 10" 0.70

6 3.1 x 10 0.85'

7 3.4 x l0"5 1.00

Fig. 3 - Activation Energy vs "x" (mole fraction Fb 5 Nb 20 6 5 )

Fig. 4 - EMF Measurement Holder

A. Sample

B. Gold 0 rings

C. Ft - Pt 10% RL Thermocouple

D. Quartz delivery tube

E. Ceramic Rod

F. Steel Rod

G. Spring

Fig. 5 - Log resistivity vs log of the oxygen pressure at the temperatures.
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Une Etude des Proprigt~s de Transport des
Semiconducteurs de Valence M41angge

R. R. Heikes, A. A. Maradudin and R. C. Mi!ller

[ V
Abstract: The transport properties of mixed valence

semiconductors are studied. In addition their dependence on the

magnetic properties is considered. It is assumed that the conduction

process is a thermally activated one in which the charge carriers

F- jump from site to site. The activation energy, A He, required for

a jump is calculated assuming that a jump can only take place when

{ the atomic configuration surrounding a charge carrier and that

surrounding a neighboring site are energetically equivalent. This

activation energr is related to the force constants and in turn to

the differences in size of the cation in the two valence states. This

trapping mechanism is shown to be more plausible than the long range

polarization effects previously proposed. A calculation of the Seebeck

coefficient, OL , on this model shows that the contribution due to the

activated process is normally small and of the order of I! H1•.
Z0 eT

Magnetic effects give rise to a small contribution to w. and slightly

modify the temperature dependence of the electrical conductivity. No

j discontinuities in the transport properties are expected at the Curie

temperature. In order to understand the properties at high carrier

F concentrations it is found necessary to modify the concept of free

carriers, and in addition consideration must be given to determine the

number of sites accessible to the carrier.
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Rgsurme: On a e'tudie les proprie~te' de transport des semuiconuoteurs

de valence me2.angee. De plus leur dependsance des proprietes magne~tique

est considezre'e. On suppose que~la conduction prend place par une d~iffasion

thennique active~e par laquefle le porteur saute d'un atome "a l'autre.-
L'e~nergie d'activation pour un saut, & Hc,es ac1ee upsn u

saut ne peut prendre place que si la conf~iguration atomique entaurant le'

I porteur et celle d'un site voisin sont, energiquement equivalantes. Cette

energie d'activation eat li'ee aux coefficients locaux d'elasticite' et a,

son tour %a la difference du taille du cation dens les deux 'etats de valence.

On montre que ce me~canisme de pi~gement eat plus plausible que celui de la,

polarization a grande distance propose" anterieurement. Un calcul du

pouvoir thermoelectrique, CC , base sur ce moeele montre que la contribution

-- a 0( due au processus active' est normalement petite et de l'ordre de

1 -Hr Les ef'fets magntiques occasionnent une petite contribution

a Oc. et modifient legerenient la dependance de la temiperature de la

conductivite e'lectrique. Aucune discontinuite des propriet~es de transport

ne a 'attend a la temrperature de Curie. Af in de com~prendre les effete a. de

hautes concentrations de porteurs il faut modifier la, conception de

porteurs libres et en outre eetermnner soigneusement le nombre de sites

actuellement accessibles aux porteurs.
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Scientific Paper 62-529-PI March 11, 1963

Une Etude des Proprietes de Transport des

Semiconducteurs de Valence Melangee(*y

R. R. HIeiked
A. A. Maradudin

and
R. C. Miller

INTRODUCTION
/

Dans les semiconducteurs non-ferromagnetiques de valence
/ , I-'#1

Tmelangee le mecanisme du transport de la charge parait etre une

diffusion thermique activee par laquelle les porteurs sautent d'un

atome a l'autre. Un cas typique est NiO. Dans ce cas on peut

introduire des porteurs en remplagq~at une petite quantite de Ni pew

Li.- On suppose alors que les conditions de la neutralite de charge

occasionnent la formation de Ni . La charge supplementaire sur lea

Ni+ 3 , le trou, est done le porteur. Sous certaines conditions il

est possible que les porteurs soient pieges par la distortion creee

par eux-meme. Or le trou ne pout se mouvoir que si l'on a un

enlevement approprie de cette distortion. On a suppose que la

frequence des sauts peut s'ecrire dans un tel cas.(:

1R. R. Heikes and W. D. Johnston, J. Chem. Phys. 26, 582-7 (1957).

Cette oeuvre a ert effectuee pendant que cet auteur a sejourne quelques

mois au Centre National de la Recherche Scientifique a Bellevue.

(*) Ce travail a 6te subventionne en partie par office of Naval Research,

Denartment of the Navy.
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Io~ aG1 eat l1'energie libre qui est necessaire pour enlever, de la
maniere precisee ci-dessousp la distortion entourent le trou en

question. Nontmalement on trouve que la. fre~quence I/ a une grandeur

j ~tres proche des modes optiques. Z eat le 'nombre d'atomes voisins

- auquel le trou peut sauter.

I Auparavant ()on a caJlcule" lea propriet'ea de transport en

utilisant (1). oni a montre' que la .conductivite e'kpctrique d~pend

esaentiejllement de v1JT, ta~ndis que le pouvoir thermoielectrique, 06,

comprend trois termes,

ou c eat la concentration des porteurs libres et c. la concentration

des sites accessibles aux porteurs. (on verra. ci-dessous qu'i3. faut.

mnodif'ier la signification normale de "porteura libres" a des concentrations

I> z~ 7..) Le prem ier tenme de/pend fortement de "la dynamique du mouvement

J-du Porteur. Le deuci~eime ternie est simplernent le changoment d'qtoi

quand. un porteur supplementaire est ajoutel et pielge. Le troisi~me terme,

Ilentropie de Me~lan-e, ne de~pend que des concentrations C et C0 .

i~. R~. lleikees and R. W. TUre, Jr., Editors, Then-noelectricity: Science

and L]:;(-,ngnEerinCg, 'MA'~erscience Puablishers, New York, 1,961.
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Dams cet article, nqus voulons developper l'etude ant'erieure

dana deux directions. D'abord, on etudiera Ilefffet des proprie'tesJ rnagn~'tiques du compos' sur lea proprigt~s de transport. En partiuie

on examinera ce qut se passe au voisinage de la tempgrature de Curie,TC.

Deuxiemement on e~tudiera le me'canisme du mnouvement d'un porteur afin de

IF mdeux conrprend~re lea quant.i~tes A GC , A et AS qui se trouvent dans

(1) et (2).

J Enfin on se servira. de ces calculs pour construire un mode~le

assez complet des proprie'te's de transport des semiconducteurs de valence

melang'ee.

II. La Conductiviee Electrique

En utilisant (1) on ne'glige le fait que la probabilite d'un

saut powrrait d~pendre de lVorientation relative des spins des deux

atomes en question. En fait Anderson et Hasegawa(3 ont montr'4 que la.

probabilite en depend assez fortement. Dens la limite classique de

tres grand spin, ils montrent que la probabilite' d'une transition eat

proportionnelle a COB2 OU* 0~ eat 1' angle entre'les deux spinis en

question. Ici meme si la distorsion est enleve'e, il se peut que la

transition ne prenne pas place. On doit donc rentplacer (1) Jpar

I 3 P. W. Anderson and A. Hasegawa, Phys. Rev. 100. 675 (1955).
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V VO (T~) e()

ou

f(T) 'n W 1+

YLO est le nombre de paires d'atomea voisins dont lea spifls font un

angle e ~est la proba~bilite' d'une transition dana ce caa et

est le nombre global de paires d'Iatomesa. Pour simplifier le probl~me

nous supposona qu'un atome donne' ne peut avoir que deux etats de spin,

soit parallele, soit antiparsallele a% une direction donne'e. Alors

Tyous prenons P. to , 0 .(Quoique cette hypothe'se puisse changer

Ia. Vorme exacte du resultat,. eie ne changera pas lea conclusions.)

Etudions maintenant la conductivit'e 6lectrique dana un

compose' antiferromagne'tiqlue qul a un reseau. cubique simple. Prenona

la disposition des spins o'X le re'seau cubique eat d'cornposg dana deux

reseaux face centres,' chacun ferromagne'tique inais se trouvant anti-

parall~le l'un al'autre. Nous nous servons de 1'4quation Eisen

Ncet D (5
kT

ou c est la concentration de porteurs libres, N le nombre d'atomes par

unit& de volume, et D la constante de diffusion des porteura.D

se'ecrit

- (6)
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ouPest un coef~ficient ge~ome'triqlue (ega1 ý 1/6 dans ce cas), a est

la longueur d'un saut et VJ est donne' par (14). Nous supposons que le

porteur ne peut sauter qulaux premiers voisins. II ne reste plus qu'a

determiner la forme de la fonction. f(T). Dans, notre re~seau cubique

V.simple, la disposition des spins est te lle q~ue chaque paire de premiers

voisins se trouvent. antiparalliele aý T=. (Nous n' aflons pas cousid~erer

le cas ferroma~netique car il parait que les porteurs ne se piegent pas

dans ce cas-la.) Si l'on conside're.le transport de la charge entre

deux plans (100) dans une direction [100], il est 'evident que c~haque

saut change le sous-re'seau du porteur. Ainsi, la forme de la fonction

Speut s'ecrire

-P 4'- (7)

C4 et ~,repre'sentent la probabilite'q~u'on trouve un atome sur le

sous-re'seau I avec le spin parall~le ou antipara~ll'ee respectivement aN

une direction donn~ee Lindice 2 r'f~~re au deuxine su-ýeu

Puisque le sous-re'seau 2 est antiparalle~le au sous-re'seau Inous

voyons que 0(,,= j3 et Ot. Donc, nous pouvons r~f~re tout au

sous-reseau Iet recrire (7') comme

-P~~ (cx~ = 1o~- (8)

oui nous avons supprime6 l'indice - Si nous exýpriinons ;en fonction

de M /M , oý M, est 11'airnantation dtun sous-reseau .T=O et MNest

22 aimantatiop. 'a une- ter pe'ratureT, il'est clair qie
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Donc

j De l1'quation (5) nous pouvons 'ecrire la conductivite' cosmme

constante - (10)

Nous pourrions proced~er en utilisant une fonction de Brilicuin pour

M ; pourtant, la simplicite de notre mode'le ne le justifie pas.

Supposons plutot que

M .IITI\ 1

(~) = - (U

ou Tc. est la temperature de Curie. Ceci est une approximation

raisonnable 6.'uxe fonction de Brillouin. Nous avons donc

- T e Ac/ Tau-dessous (2

ca- I au-dessus T
T

11. est 'evid~ent que cette dependance de la temrpe/rature sera cache'e si

AGest sufl'isament grand.
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III. Le Pouvoir Thermoelectrique

j Il nous faut maintenant examiner le mecanisnie du transport de

la charge. Ajoutons un porteur supplementaire a un atome du reseau.

4 tout en tenant fixe to-as les autres atomes. (Dans la suite nous

apellerons souvent un atome avec une charge supplementaire, un ho'*te

charge,, et les autres atornes, les hotes.) Puis si nous libe/rons les

A
atornes hotes, ils se de~fonnent "a cause dec cette charge supple/mentaire.

Par consequent, l~energie libre du systerne decroitra. Nous denonimons

parA~G le chan-gement dec 1' energie libre quand une charge supplementaire

est ajoutee et piege~e \a un atome donne. Afin que la charge puisse se

mouvoir, nous supposons q~ue lea configurations atontiques entourant la

position de la charge supplementaire (position initiale) et la position

a. laquelle cule saute (position finale) doivent 'e'tre identiques. Or,

les positions pourraient devenir identiques en enlevant coniple~tement la

distortion ala position initiale. D'une mainiere semblable on pourrait

creer une distortion a 2la position finale egale a celle de la position

initiale. Ou plus ge/neralement, on pourra.it enlever partieflement la

distortion ala position initiale et creer une distortion semblable "

la position finale.

or, si lr, Lravail, depense a la position ittitiale pour mouvoir

arie ch'ar:;ýo, e:"'t ]c2jn "Lny , o-ivant lar>.rne1 nous e/crivons

k~ + -.A T T, + (13)
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oui AS; (Z (EGp./T). 6SIMAG est le changement de la contribution

magne'tique l'entropie due 'a l'addition d'une charge supple'mentaire.

Dans notre modele stiinplifie' ce terine est identiq~uernent ze~ro, car nous

n'avons permis que dewx etats d~e spin, ne d~pendanit pas de la pre'sence

ou de I'absence d'une charge suppJlntentaire. Toutefois, dans un cas

reel, l'ad~dition d'une charge supple'mentaire accroit le nombre d'e~tats

de cet atome, donc, It entrapie. Mais a T = 0 ,o~r nous avons un e*tat~

antiferrornagne'tique parfait, &S MAG 40, puisque l'addition d'une

charge supplementaire n'accroi't pas le nombre de configurations.

Cependant, au-dessus de Te ~ tous les 'tats de spin sont 4 galement

probable, ii est aise de montrer que

ASMAG 2 1

oui S represente le spin, 1'indice Ise re~fere aux hotes charge's et 2,

aux hotes.

Pour un compose' tel que LiXINil-xO, Sz 3± S, = , SMAG' 0.21k.

Cette contribution au pouvoir thermwo'lectrique au-dessus de T sera

donc de l'ordre de 25x/C on slattena a' ce que cette contribution

salt zero a\ T= 0 et crois-se jusqu~a: 'a/C T , restant constante

au-d~e'ssus de T .Ainsi, cette contribution nlest pas imnportante dana
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la plu-nart des cas. Il f aut remarguer qu'on n~e prevoit pas une

discontinuite' TI
¶ 11 nous faut, mainteriant e'tudier la contribution provenaxit

du pie~gernent et du me'canisrne du rnouvement. De (13) nous VoYons qu'il

fautd~tenine SUet W . Supposons que les voisina, entourant la.

charge suppl~rnentaire se ae'piacent une distance V dans 1' 6tat pie'ge.

Nous introduisons un param~tre ),, gui peut varier de z~ro 'aI Or,

af in de laisser le porteur se mouvoir il faut que la position initiale

et Isa pos-ition finale soient identiques. Nous faisons cela en enlevant

partiellernent la distortion a. la position initiale (c'est 'a dire nous

laissons lea voisina se deplacer une distance XV au lieu de V) et en

creant la in~me distortion 'a' la position finale (nous d~placons les voisins

entourant la position finale une distance XV). Ainsi le travail fait pour

laisser mouvoir le porteur est

AG F Fý) + F - FK) (14)

Fz est l't4nergie libre quand les atomes entourant 1'ho~te charg'e ont u

deplacenient XV. F, eat 11enri libre quand lea atomes entourant u

h~te ont un de'placernent XV. La premi~re parenth~ese repre'sente le
changement. de l16 nergie libre ;a la position initiale, tandis que la

deuxcierne repre'sente le changeinent de l'energie libre 'a la position finale.
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Fý constante coa )~{. (I - e'() - ks) L

(16)
Maintenarit recrivons (1-5) et (16)

F. constante + ( - )A + T(1"7)

(Reniarquons qluea = F constante - A +TD)

constant e +~ ~ C. (18)

A) C) et Dse de'finissen-t en comparant (1.7) et (18) avec (15) et (16).

Donc on peut E'valuer AG en snuostituant (17) et (18) dans (14).

Hous sup-posons que le mecanisme actuel de transport soit celul qui

requiere la valeur 2minimale de AG.Il est aise de voir que cette

condition slobtient quand

A (20)
A+C

P u sAC / A 
( 2 1 )

+ . C/A
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Nous allons identifier cette 9uentite" avec l2t'nergie libre d'activation

pour u~n saut. Thisque A~G, ne depend pas de la temxperature dens notre

modele simplifie', 1.1e'nergie d'lactivation pour u~n saut,AHC , est e~gale

I-,

Af in de calculer W , il faut avoir le changement de 1' ~nergie

libre a. la position initiale seulement. Evidenmment nous avons

W= (Fe-Fý (F' -F,$) (22)

car on depense du travail en d~placant les atomes de Va XVj tandis qu'on

recupere du travail quand les atomes se d6pacntd XV * Zer e

la'osence d'un. porteur. Or, en utilisant (22) et lee 6quations

prcEdentes, nous pouvons 'valuer (3

prec e A(13)_ £ . (

iF C.

11 nous reste d~onc a. trouver une approx~ination raisonnable pour (23) et

(21). Pour faire cela nous nous servons des grandeurs suivantes pour

les parame'tres:

(a) On mnontre dens l'appendix qu'on peut ecrire

14" = M -/H)

0Ž~ est une fr•uenc maee efficace du reseu

IuLqec ~qyneeu
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I(b) La se"pxucation d equilibre r. dans le cristal pur eat-

la separation a laquelle (ý= Ainsi#(r) 0

(c' N~ous pouvons de'velopper Z~) ensrie autour de r
I ~la se'paration aý aquelle 0'ru . Ainsi +(- )( *

DI O I

pir)= (r 0-. )X "(, r X (24)

(d.) 12luisque nous ne'gligeons les contributions anhanaoniques,

X"(r;) X" (r,) w

et

Mw

Avec ces donnees nous trouvons pour- les coefficients

C AD -k25)

oii 6 A-/r~et ' .. On voit que le parme~tre Sest une

meure dli chanenn du rayon d~un h~te charge.



IV~. Discussion

Nrous pouvons maintenant pre~senter un mode~le assez complet qui

nous pennet de comprendre les proprie'te's de transport des semiconducteurs

de valence me~lange'e. Pour' mleux de~finir .notre iprobl:6me nous donnons

quelques r~sultats obtenus sur des compos'es typiques. Dans les figures

1 et 2 nous pre'sentons .le pouvoir thennoelectrique et la re'sistivit8

e~lectrique pour plusieurs compose's du systeme Li xMn 1xS. Les m~mes donnees

pour le syst~me Li Mn Se, se trouve dans ).es figures 3 et 4i. Enfin pourx l-x

qu'on puisse faire une comparaison nous montrons les resultats pour trois

compose-s differents de meme concentration d'impurete's (Figures 5 et 6).

Dans tous ces- exe-mples on trouve la megme structure, colle du adl gemnme;

toutefois nous considerons que ce comportement est representatif des semi-

conducteurs de valence melangi'ee. On pourrait, par exemple, comparer ces

donnees avec celles dvun perovskite.~

Af in de faciliter la discussion., nous ide'alisons ces donnees dans

la figure 7. Nous pretendons que ces courbes montrent toiutes les

caracteristiques necessaires.

Examinons rnainter.ant les diffe'rentes r~gions de ces courbes.

La de/croissance erponentielle do la re~sistivit6' aveý- la temp~rature peut

qvoir deux orir~irmes: (1) la libe'ration des porteurs des centres accepteurs

R. C. Mi:ller, R. R~. ileies, R. Mazeisky, J. Appi. Phy. 32, 2202 (2.961).
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(ou donmeurs) avec la temperature. Ceci nous donne une d.6pendanice de la,

tempe'rature de e 2kT o-& Q est 11 6 nergie de liaison entre le porteur et

le centre. (2) La d~epenaence exponentielle avec la temp6rature de la

±'requence d'un saut. La de~croissance du pouvoir thermo6'lectrique dans 16.

meme re~gion de temp6rature provient, des m'emes origines. I). est evident

que la liberatio-n de porteurs contribue un tenrme de la formie-k Q
e IkT

toutefois, la relation entre (X et l16nergie d.'activation pour un saut

jn'est pas si e'idente. En utilisant (22.) nous pouvons re'crire (23) corne

k. k (26)

INous raisonnons ci-dessous que C/A doit'e~tre toujours plus grand que 2.'unit'e.

Ainsi nous voyons cjue ce process-us donne aussi unterme qTai dacrolt avec la

tempe~rature. IL faut remarquer que lorsqu~e C/A est e~gal a l'unite, cet

effet n~existe pas.

A des temperatures plus ha-utes, on volt que la resistivite' tend A

se niveler. Cela peut provenir de la de'pendance explicite de la tempe"rature

trouv~e dan.s (2.Une deuz-.zime raison pourrait 8tre 11 e~puisement des

porteurs des centres donneurs (ou accepteurs). Une e~tude de (2.2) sugg~re

qu Ien tracantT /T? au-dessous de T et T f/Tau-de's'us on. trouverait une
C

liGne droite. Sur la fiz-are 5 on voit le r&Thultat pour Li Mi 0. Bien.05 .95

oulon n'obotienne pas de resultats telleinent excellents dans les syst~mes MnS

e L 74n~e on trouve, on effet, quo la courburo tend touj ours ý disparaitre.
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Ici nous pouvons disposer du sujet dec la relation entre 1'6nergie

d'activ-ation pour !a conduction etc . (Remarquons que ll~energie

dtactivation pour la conduction eat e~gale &A He - Sur lea figures

nous voyons que certainement AH ne subit pas un changement brusque ~ ~

Vlest a' cela que nous devrions nous attendre avec notre rnod~le, car, en

dernidre analyse, nous exprimons A Hren fonction des potentiels dlinteraction
ehtre les atomes qui a. leur tour peuvent s 'exprimer en fonction, des

coefficients d'elasticite. Il eat bien connu que ceux-ci ne subissent pas

dec changement brusque a T. (Les changements que 1' on observe sont

attribu~s au mouvement des parois de Bloch.) De plus, on ne sa t -ttend pas

6. ce que Q- subisse un changement brusque ~.T.Cependant du fait qu'il

y a des r~sultats sur quelques compose's qui monotrent un changement abrupt

de AH, nous devons examiner ce point. Wright et Andrews(5) et Van Houten (6)

trouvent une discontinuite' dansaH au voisinage dec 1It pour NiC. Aussi

Heikes et Johnson indiquent une telle diacontinuit4 dans OnO aussi bien

que NiO. Nous croyons que ces discontinuit~s ont 6t mnal interpreteies.

D'abord la temperature a laquelle la discontinuit6' se produit varie de

plua de 100 0 pour plusieurs compose~s Itpurs"~ de NiO. (6 I1 est tres

improba~ble que 717. puisse -varier tant dana ce cas. De plus, cette

discornt-Inuite disparait quand on ajoute une peit euni~dcLlqel

quaiii it( r~e chanvj-,e pas sericusement le comportement magnetique. Nous

5P R, . Tri t., J. P. A~ndrews, Proc. Phys. Soc. A62, 4)16 (194r-)).

2 * a~i T,%:ttex, I Chem'. Pitys. Solids 17, 7 (lý96o).



attribuons done cet ef±'et a une impurete ou. plus probablemen~t aune

proprie~t6 de la lacune. de Ni trouv~e dans NiO. En tout cas tine liaison

avec Test ties invraiseinablable.

Quant au pouvoir t~henroeiectrique 6 des temp~ratures plus hautes,

XIOUs voyons sur la figure 7 clue pour des concentrations IV1*il conmence

Saugmenter. Rnsuite nous nous attendons il ce clii' il se niv~le. Par

contrel, a de tres basses concentrations ou bien cet accroissevqent nta

pas lieu ou bien il eat tr~a faible. Cormne le premier tenne d~e (26) est

ind~pendant de la tempe~rature et le deuxi6me d6crolt continueJlement, il

Laut etudier le troisi~me pour comprendre cette re~gion. Considerons

d'abord la situation quand la concentration eat tr~s petite. Ici, c eat

simplement, la concentration de porteurs libres determin~e a. partir dui

traitement statistique noxi~al et c. est la concentration de sites

accessibles aux porteurs, clest a dire, to-Ls les sites dui crista3. sauf les

impuret~s. (A proprement parler on devrait soustraire tin certain nombre

d' atomes entourant chacjue impuret6.; pourtant, 'a de basses concentrations

ce nombre est petit devant le noinbre global.) Ainsi dans cette limite,

le troisi~mc terme decroit continuellement. Or, 'a des concentrations

plus hautes tine situation entierement differente pre~vaut. On a discut'e

ce cas auparavant.(40 On a signa:le que le porteur pref-ere se trouver au

voisinage du nombre maximum d'impurete's (Li dans notre cas) ce quc

correspond aui cas dec 116necrgie minimum. Nous voulons poursuivrc cc point

de mue ici. A une concentration donnee d'impureties il y aura un certain



pourcenta,,e des cations qui n' a aucirne iimpurete' coniine premier voic in.

Il y aura d.'autres qui n' en auront qutune, d.'autres %u. n' en auron-t que

cleuox, etc. Si l'on suppose que leg impurete~s se distribuent au hazard.

partout dan~s le re~seau, on peut calculer ces pourcentages facilement.

On trauve les re'sul~ats pour quelques compos~s du systeme Li x Ni 1x0 dans

le Tableau I. Or., on- peut montrer que pour des concentrations au-dessus

dec 1'ordrc d~e 251%, un parteur peut se mauvair partaut d~ans le cristal.

tout en restant premier vaision ý une impurete. (Ici nous *ne cansid.6rons

que les sauts a travers un oxyge~ne, c'cst 'a dire aux d~eu-ci~me vaicins.

SLcs resultats magnetiques cur ccc composes nous menent a supposer que

,cette transition est dominate.) De plus, pour des concentration au-d~essus

de 11 ordre dec 6%l les porteurs peuvent trouver des chernins 6u% ils restent,

premier voisin t.t deux iixgurete's. 'Voyons, nainten~nt, cc que -%eut dire

'porteur libre" dans cc cas. Examinons les chiffrcs pour x =.03 cur le

Tableau I. Comme il vient d.'atre dit, les cations qui ont une impurete"

comme premier voisin constituent des chemins continue a travers le reseau;

cependant lee cations cjui ont deux impurete~s coniwe premiers vois-ins n t ont

pas cette propriete. Dortc, un porteur cur un tel site ect pie"(,, et ne

contribuc pas a~la cond~uctivite". Alore, on peut envisiger le processus

dec cond~uctivi-t-, de la mahiiire suivante. Lee trous conb excites "a partir

des pps(lee -sitcs Tui ant deux ou plus de deux impuretes comme

premiers voisins) ,jusqu'au Urciipe dte'tats passed~ant, une impurete" comne

pxcmio.r voisin ou plus haut, jusqu'au Groupe de'6tatus no posse~dant- aucune



11
impurete" comme premier voisin. Ainsi la conductivite a lieu sur deux

groupes d'etats. (Certes il y a de la dispersion entre les d~eux groupesJ

d"'etats.) De plus, nous savons que le pouvoir thermoeLectrique dans ce

cas peut s'6crire-

0C C7,0 No +'37 ",1
(27)

ouce r p sodit les conductivrites e'lectriques des porteurs sur e

site posednt eroou une impuret4 respectivement coymme premier voisin.

Onde~fini 0(0 et 04, dens uric manie're semblable. Examinons maintenexit

11 allure d 1 0 pour x =.03. A de basses temperatures a. est

essentiellement nulle; M~ est doric egal 'a OC,. Or OC de~crot avec la

temperature 'a cause de l'accroissement des porteurs sur les sites

poss~dant une imnpure-be comm-e premier voisin. Quand la tempe~ature s'accro'st

les sites de plus haute e'nergie (n~'ayant aucune impurete5 conmme premier

voisin) deviennent accessibles. Alors 04 croit et enfin, quand toutes

les sites sont accessibles,, il se nivele.

Il est aise" de raontrer que l1'analyse donne~e ci - dessus est

correcte; toutef'ois on trouve de grandes difficultes en essayant de

poursuivre le calcul quantitativement. La difficulte" actuelle re-sulte

dui fait que les sites posse'dant, un nombre donne' d'impurete's comme premier

voisin ne sont pas distribues au hazard, plut~t ils tendent aN se grouper.
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Bien que nous ne discuterons pas la region de concentration

intermediare, il est assez facile d'env-isager qualltatilvement la

transition.

Ayant discute' le cadre gengral, examinons la signification

du calcul de la Section III (les de~tails se trouvent dans l'appendixc.)

Nous ýtudierons ensuite les donn~es tenant compte du modele ci-dessus.

Les coefficients de (25) qui entrent dans (21) et (23) sont fonctions

Jde deux param'etres F6 et RPour aider notre discussion, i1 est peut-

etre plus utile de nous servir de C/A et a , le d6 placement d'un atonie

entourant un ha~t(e. charge, conmne param~tres ind~pendants. En utilisant l

formulation trouve'e dans 1' appendix on peut montrer qu~e

F- 'R(28)

De (17T) et (18) on voit que C/A est le rapport de l'energie

requise pour cr6er la distortion autour d.'un hn~te a i.'energie requise

pour enlever la distortion autour d'un ho"ta chargeo. On slattend A ce

qua c/ r. soit de 1l'ordra de quelques pourcents ý--t que C/A soit pres de

l'unite'. Ainsi. nous pouvons recrire (21).

tGA C/A A -constantae .Z (29)
Z I+C/A-

Nous re~crivons aussi (23)

eo~ Th) G4 ( C,+Lv (30)
k. 2D
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{\ru (27) il est clair qu~e cette e'quation est grossi'rernent approch~e

toutefois elle suffira pour la suite.]

N~ous voudrions maintenent nous servir de (29ýý) et (30) pour

etudier d~es conpqoses re'els. Deux objections se pre~sentei.-t imm~d~iat-ement:

(1) liIous ne conside'rons que des interactions entre premiers voisins,

(2) Nýotre cristal n'est que monoatomique. Exoaminons la premier objection.

Nous pre'tendons que le rn~canisme de piegement dans ces compose~s

n' est actuellement pas la polari zatiorn a grande distance propose" par

Landau mais que c' est un effet local de'pendanat de la distortion provenant

pour la plupart cle la difference du rayon de 11ion. d~ans les deux 4-tats de

valence. Mfin de suipporter- cette hypotli~se, nous pourrions mentionner

de-ux faits epi.catu D' abord, on observe ce pl 6-cment -mrcýU-te des

conceitrations tres baxitcs d' irapuretes (jusqu I 25'~.B P111FI

profondeur d-u pieýr,-e, d~terrnine'e par 32 6 nergie di activation, est sensiblement

constante au-dessus de quelques pourcents. Certes, a une concentration de

2%~ il n' est pas raisonnable de croire que le pi~gement est dO. L. une

polarization ý Crande distance. Slil en etait ainsi, nous nous attendrions

a trouver un chan!ýement continu de l1' nergie dt.activation avec la

concentrati on. Un deuxii~re ',roup di expe~riences Vui porte sur cette

(7)
quest~ion est 1l41Lude de Li(NiC'o)',). lci, les effets sing'uliers ne se

lais sent sixgpliemerit, coinprendre que si Ilon traite separement chaque saut

pos sihle, clcst aý dire, qulil faut conside'rer que 10- porteur peut sauter

C. A4ill~c, TI. LisW. D. Johnston, J. Chom. Plays. 31, 116 (1959).
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d'un Co jusqu'a un Ni, dlun Ni jusqu'a un autre Ni, etc. Si le pi~gement

e tait vraiment unf effet de gran de distance on ne coxnpterait p as distinguer

d~e tels effets locaux.

,,uoique le calcul ait et f'ait pour uni crista). monoato~i~que

nous crayons que (29) et (30) e'crites en fonctions de d et C/A ont une

validite" plus ge~nerale.

f Ii1 faut remarquer quie nous avrons traite le cristalt dans le cas

de 1 'approximat ion hannonique. (Nous ne trouvons donc aucune entropie

deactivation.) Ilous asvrons ne~glig" 2.6s effets anhannonique non suelenient.

a cause de la difficulte cli traitement mais aussi ýý cause du fait qu' il

yaurait deux: paramet-es de plus, difficiles ai evaluer. De plus, la

simplicite de notre mod~ie ne justifie pas tel de~tail.

IJ. f'aut maintenant brievement examiner lea facteurs gui r~glent

les grandeurs de d et C/A dans un cristal r~eie. Dans un re~seau ionique

nous pretendons que 1' effet dominant pour la de~termination. de d est le

rapport du rayon de Il anion, RAIa celui du cation, R. NoOs oos

examiner cette question cur une base puremen't geom(-ztrique. Lorsque le

rapport RA /R, est suffisament grand pour que les anions soient sur le

point de se -toucher, il est e•vident que le remplacement du cation par un

autre plus petit ne peut pas aboutir a nn g-rand d~placement. Par contre

quand ýkA /est plus petit, JI inte-raction anion-anion nWempe~che pas le

de~placeraent et nous nous attendons ainsi a" un plus granid d~placement.



-23-

Or, nous voyons qlue G, va. comme .Ainsi, on compte que 1'"nergie

dlactivation cro^:it dec NiO jusquIa'~ MnO ca'ir le ra-yon du cation crof't. Aussi

dans la serie MxiO, 'MnS, MnSe, A xc devrait d.~croi"tre pour la iTLi~ne raison.

Tout cela est en bon, accord. avec Ilexper:ience. Enf.n, voyons si des

grandeurs raisonnables de d nous donneront le propre ordre de grandeur

de ~ Cons id.6ron~s, par exemple, Li i 0, ou 0 3000 caL.de 05N ,9

En utilisant, (29), (28), (25) et prennant W 0  10 IIsee-, Y % r. 10~ cm,

M x I 13 --a ontouef clme cu 0,0. Ceci paralt 'tre un

de~placement rionntroue £c.metu

Esiediscutons la gadudeC/A . Ai'in dly arriver il

faut estimer la grandeur dec R [voir (25)]. Certes, quand l'hot-e chargbe

est -plus petit que l'ho"tIe meme, on s'attend~ra~it a cc que R soit mains que

1 un'ite mais du mei-e ord~re dec grandeur, disons entre .5 et .1. Ceci veut

dire cjue C/A vanie de llunite6 jusqay'a - 1.1. Actuellernent on peut

conjecturer oVe C/A sera toujours plus grand clue 1.1unite ktant ind6pend~ant

du rayon dec 1' h~te char-e" car Zener:(8 a mlontre' the~oriquement que Les

coefficients dle'lasticite" d6croissent toujours quand on ajoute un~e impurete.

En utilisant. les -,randeurs ci -dessus pour d et C/A on voit que D [voir

(25)] doit etre moins dec E n ge'n4 ral an peut donc neg-liger cctte

contribution a. 0(2

Pi-nJL--ilent. 11 Pýý,ut faire queiques reraarques sur 1' ereriTie me--suret-

dlacti'vation Ipour la coniiduction. Comne nous avoans d iJtct, il pent y v~

'C. Zener, Acta Cryrst., (1151"))



detnc contributions: (1) AG ,llgnergie d'activation d'un saut et (2)~

o~ .est 11' nrgie de liaison entre le porteur et l'impuret6. Maintenant

nous voulous montrer qu'en ge'neral les deux effets contribuent mais que le

premier est dominant a de hautes concentrations. Considgrons, 4. nouveau,

Li NJ. 0. On voit slur lea figures 5 -et 6 que 1' 4nergie mesur~e
.05 *.95

d'activation, AN est e~gale 'a 3600 cal et que la contribution a* (X. de~pendante

de la tempgrature est 4gaJle a* Or, si LH n'e~tait due qu'ý Q, one
prevoirrait une contribution A OC.de 1' ordre de 15 On doit donc supposer

Ique dans ce cas ACT, 3000Ocal et 260cl

7
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J Appendix: Calcul de 1'Energie Libre

Dans le calcul suivant, nous traitons un reseau cubique

$ Bra~vais qui contient, N mailles. Nous mettons un h3te charg'e -a 1origine

du syst~me des coordonnees et nous imposons lea conditions aux limites

periodiques aux deplacements atomiques.

De plus nous supposons que lea atomes h~tes interagissent,

deux ý deux avec un potentiel 4~r.D'une manie're semblable nous

supposons que l'1hote charg~e interagit avec lea atomes hates ayantu

potentiel. X (r) L. Wenergie potentielle du cristal, contenant un A~te'

tcharge' peut l're

V (31)

yr -

Dans (32) et (33) r est la position instantanee du ieeatorne. Le

prime sur la premiere sonime exciut lea tennes avec g tandis que

le prime sur la deuxieme sonime exciut le termne a1 0 Maintenant

excprimons r sous la forme
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x, a) + R(34)

ou )U)est la position vectorielle du iem tm asl rsa

parfait et se domne par la formule

= a, + 0s s (35)

~~ sont des nombres entiers, positiifs, negatifs, ou nuls et

0 .1, - sont trois vecteurs non coplanaires caracteristiques du

cristal. UhWe da~ns (34+) represente un de'placement du (iele atome de

sa position de'~quilibre dens le cristal parfait.

Si nous d'eveJloppons 1'/energie potentielie en puissances de U(?e

tous obtenons

p4::. + L ZI P c (36)

"I 9

+ R'~~C (Ltd, R) - (0()) (uAp w(L)-)
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Dans (36)et (37) .ix (t est la OC-composante dui deplacernent L4d(ý)

Dans (37) nous avons introduit la d'f'inition

+ (r (38)

Les seulz coefficients non nuls dans (36) sont

I Y.0 W' W)s I (39a)

39b

(0 cf, (390)

et,
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= rx x( WI) +

(4oc)

En ecrivant ces resultats nous nous servons de la notation suivente

- ])&e) = ' •¢)(x

Dans le traitement suivant il sera convenable de pouvoir

traiter les deplacements U (0) et U.C() (•eo)dans (37) sur une base 'gale.

Nous faisons cela afin qu'il ne faille pas distinguer entre lea derivees

par rapport "a U, to) et par rapport • a• ,a) (e$o).

Nous r~crivons donc (37) formellement sous la forme

+ uz ;(e ( t ~&) +

.4 (42)

O•i le coefficient .# "(f') est symetrique dans 1echange de avec

S)." Une comparaison de (37) et (42) nous donne les relations entre lea

-coefficients et les -coefficients. Nous voyons que

{~ 0 (4+3a)

• Co) -• '.• •',) . (igb.•)...
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Si nous utilisons (40ob) et (4_3b), nous trouvons pour notre moc3ele

0,) (43--)

Aussi, nous obtenons la, relation suivaxite entre et

( - +

Si nous rernarquons que (t) (e. 3nous voyons que les

coe-Cfecients ý,P(t') donnie's par (442), sat-isfont aux relations

9v (4+5)

comme il le faut. nts-' e oii asmea n i

Maintenant nosecrivons ek( ofi-l om 'ndplacement

statique -~t et tin deplacemenut dyn&aiiq~ue () LI e'nergie potentielie

peuti t ecrire

cf + Ov 21, v (e) )v (4' +..

+ (t6a

+ IYV(t + VZ4 (Wv t



4- Z k 0 ')+21 (t

T O~jt

La condition de 1'4quilibre pour le cristal est

+i~

Les d'p.1acernents v c'est a dire, les

solutions du groupe du equations (4i7), d5 crivent la, distortion statique

du cristal due a un hate charge.

Si nous inrtroduisons la rnatrice GX-, R V) qui est 11inverse

de la matrice Nc' ()cestb a dire

(tell) Se 4 ~ ~8)
y

Nous pouvons alors 'ecrire (11.7) dens une forine e'quivalan~te

=ý Z- G7 C+(V~()-2~G ~e)~(i)v'.'
p ~(4i9)

En re~oivant (419) par iteration nous obtenons

V~(c - E ~ +(50)

p ý 1tf 1 S ( i
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Une expression explicite :pour G L)dans un re~seau arbitraire

Bravais a ete trouve ~et elle est

Dans cette expression k est in vecteur dont les grandeurs sont distrihue~es

unifonrnement dans la premiere zone Bril Icuin du cristal. N2 est une

des frequences des modes noniiaux pour le cristal parfait dans le cas

on la masse atomique est egale a izuniite. LPindice j d5 signe la polarization

des ondes du reseau qai correspondent an vecteur dworlide k, tandis quie

e (ks) eat le v-ecteur unitaire de polarization de I.Ionde (ki)

N1ous pouvons maintenant cal.culer 1' ~nergie statbique du criatal.

defora4'. De (46) nons voyons que

au second ordre des deplacernents S JC)} 3 nous nons servons de

la condition d'e/qnilibre, (),nous trouvons que

~~~~~V ((t f e)~v Vp' (t)

99

"P'. A. Flinn, A. A. iHaradludin, annals of Ph~ysics 13, 81 (1962).
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La :part de l1'nergie libre d"Heldiholtz d(Ipendant de la

Iteniierature provient ae la cont-.4bution vi~bratoire. Af~in.dti' aluer

celle-c~i il faut d.'tenminer les fre'quences des modes nonnaux du cristal.

INous commen(,ons par eýcrire 1l'equat-ion de mouvemuent du crista3.

M i04 -t ( +~c
RI4~ (55) +

Si nous prenons une solut ion period~ique pour ces equations

ýk (ý4K (56)

ou ~ eat inae-penaont lu. temips, alors les e~quations pour les

~ aont

(57.)

Ainsi lea carre~a des fr 6 cuences des modes normawux du cristal def'orme

sont le' vale'evurs popres de la inatice D
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On peut 'ig:on:ze' valeurs propres de cette :natrice:parjc.

_,,_Helmiholtz au cristal. 6-forme' sous i&a Trae

I~ 3N

I Dans 21a Mani.te ae hautes Gem-perratuxes, q~ui nous interesse

exciusivement par le, suite, cettLe expressioni se reduit ~

I~ 3N

jkT'

Lleva~uation exacte de (5'9) pour un cristal d~fox-rnui est

extre , ement clifi'ici~ie et on nly est -pas encore arrive. Done nous nous

servons d~une m4thode approcliei pour eCvabler cette' expression.. W'ous

recrivosss (59) so-as la :rfoyme

~ 3NdT-~(60)

Tjne comparaison de (59) Pt (60) sert a ff~inirt la fre•quence rnoyenne

Cependaxnt, pour rnotre 'but, nous pouvons i-approcher la fre~quence par



iT on

2. (62)

Nons faisons oe rapprochiement pour deux raisons. D' abord, nous 'verrons

que la quantite C est facile ý. evaluer. Deuxie-Inement., ce rapprochement

est exact si nons utilisons le rapprochement de ]Yebye pour le spectre des

requences,

Maintenant si flous nous servotis du th~er~me que la soonme des

n ieepuissences des valeurs propres d'une matrice est gae la trace

de la n ieepuissance de la matrice, nous obtenons inme'diateinent

2
Z- (63)

En simplifiant la som-me dans (6).1.) nous trouvons que

6(65

- L ~I7 () E 2( ~ (~ D(+)
1~XRz



-35-

D'une maniere seiiblable, avec l~aide de (44~) nous dbtenons (6

Sz OL U)

2 (y w1{ ?"~ ) (X- 140
Afin d'~valuer les expressions que nous avons obtenues,

nous allbns 'etuciier un reseau cubique f'ace centree. De plus nous

a-liens supposer que les potentiels ~()et X (r) nt interagissent

qu'entre premiers voisins. Ainsi 0(.)~ , o5' r. est la se'paration

equilibre entre premiers vois ins.

Nous pouvons evaluer l'energie de la distortion du reseau

statique, donnee par (54~), de la manie're suivante. Eile est donne4 e par

at 4r. P~0~e (67) '

En utilisant (40-) et (11-3) Pour .() nous pouvons re-crire

E sous la foniie
S

2. a - J.2(68)

u'o~ les sorrunes. sur tet 's'e"Vaiuent pour-les douze premiers voisins de

l'h~te charg6 , qui se trouve a i'origine des coordonnees. Si nous utilisons

le tableau des f'onctions de Green de Flinn et IMaradudin, ()nous pouvons
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evaluer Es exactement. Nous trouvons

E- I.qL1 4 ecv) (69)

Pour 'evaluer E nous po-urrions proc~eder d'une manf'ere
S

semblable. Cependant la somme est- suffisament, complicluee pour qu'un

calcul numerique direct soit assez fastidieux. Conime nous nous attendons

ace que E (2 salt assez petit devant E5 () nous pouvons to1:&rer '.me

grandeur qaluo(cue peu approch~ee. Nous utilisons donc un rapprochement

du a Lud.dw±.-.-O Dans cette approximation, lorsque les express ions (51.)

pour les fonctions de Green se substituent d~ans (67), les f22(ýi), qui

se trouvent dans le de'nominat-pur sont remplac~s par leurs grandeurs

mayennes prises sur le spectre des fre'quences dui cristal pur. On peut

alors les enlever des somnmes. Les soinires, qui x~e*sultent peuvent etre

evaluees exactement. Dans ce cas, cette approximation est 4qaivalente

au rempiacement de 1' expression exacte pour 'i~)par l1'approximation

ou

10W. Ludwi,-, J. Phys. Chem. Solids 9L, 283 (1-9-58).



I 1 .Q (j) L4 (71)

Quoique i1excpression donne'e par (70) paraisse grossiýere ecle donne de bons

resuitats. Par exemple, si l'on slen sert pour e' ur E 8 on

trouve le iAme re'sultat mais le coefficient dans (69) est 1.5 au

lieu de 1~.14448. En utilisant (70) et'(67), nous obtenons

(1 Z

- 3 P,(r p'f

En±'in., de (69) et (72) nous trouvons que l1'nergie de la distortion

statique d~u re'seau est

(p'(,J or.) - ~ LS. (7r3)

Il nous ±'aut maintenant evaluer la contribution dynamique a

l1energie libre de Helmholtz.,



38

La soinme S1,(6', devifent

S, )2 4 >r0  - ~N co' (74i)

Cependant. que la sonm'e S 2est donniee par

2q

S2. 1(7)

Ainsi la. contribution d~ynaznique C. 1'4nergie Jibre de Helmholtz

peut sl'ecrire

3NkT Le. 0.qZ5 [ + SL]
kT 3NM *

k.T BNM

Pour notre moeele la grander de + est

+ + 1Z er) (76)

En reunissant les diff~erentes contribuations., nous pouvons

ecrire l'energie libre d~e Helmiholtz du cristal defoxne dans la. liniite

des hautes teraperatues sous la f~orme

F P v- + 3t s O -q 2 5 0 +/
kT (77)

+ 7 -1 L4 2."(.
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Pour llaaalyse de IV, il est plus convenable d.'exprimer ce

resultat sous une autre forme. Nous supposons que le deplacenient

instantane Vw (t puisse s~~'crire conrne une f'raction de sa grandeur

a l1'equilibre VIX RC

Ainsi le'~nergie de la distortion statique peut se'ecrire

(79)

n' apres (53) on peut recrire ceItte expression

et nous voyans ctu'elle a sa graziacur imaximnum a Icomrne il

convient.

De plus, ±2. nous faut caitculer l'e~nergie cle la distortion

statilu~e dans le cristal pur. On trouve

~ ~2.~ (W

E S u v (e . (81



On peut s~implifier Ilevaluation deC cette sornme Si IIous nous servons de

(23)

S 04{ -+ let VICv~)~v(el

=~ .L4 Li8 (&r)) O2..9 Isr. IS (82)

6u nous a-vons utilise (69). Af in a'evaluer (82) no-Ls avons utilise'

l'approximation contenue daaas (70). Comnre le calcul est semblable

a ce2.ui clue nous avons deja. fait pour evaluer E~ (2), il West pas

necessaire de reproduire les details ici. Le resulta~t est

4," (r.) (83)

En se servant de (82) et (83), nous trouvons enfin

host ..

SH~ I iv2 - 0. zS 9 5

/ ro 2. - 9(r) .



Tableau I

I Nombre de Li comne premiers voisins

Li 0 1 2 3 4 5

3 .69 .26 .044 .005 .001 --

5 .54 .342 .009 .017 .002 --

7 .42 .378 .157 .039 .006 --

10 .282 .376 .23 .085 .021 .006

I
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