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1 • 1- I N4TRODUCTION

The objective of this project was to compile, critically evaluate, and

ana1 .z'? available data and information on the dc electrical resistivity,

Seebe.k effect (thermoelectric power), heat capacity at constant pressure,

thermal and elastic properties of single crystal, pclycrystalline, and annealed

specime•,s of pure NiO in the temperature range of kinetic stability, and fin-

ally, to generate recommended reference values for selected properties of

different forms of NiO.

Section p' rovides certain necessary background information. Section 3

iresents experimental data in graphical and tabular forms along with the

critically evaluated ind recommended values for dc electrical resistivity,

Seebeck coefficient, heat capacity (at constant pressure), thermal conductivity,

elastic properties, and thermal expansion. Also included in these sections is

explanatory information for each property, on the basis of which the available

data are reviewed and discussed. Statements are also provided concerning

criteria and considerations used in obtaining the recommended values, over the

temperature range of kinetic stability. The (provisionally) recommended values

of various properties are exhibited along with the experimental data. The

complete bibliographic citations for the references are given in Section 4.

It should be carefully noted that we exclude from this report a consid-

erable body of data pertaining to the properties of NiO above 1000 K or of

doped NiO, including particularly Li-doped NiO, since the properties of these

materials are not representative of pure NiO at ordinary temperatures.
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2. GENERAL BACKGROUND

"2.1 Physical Characteristics

I Above 523 K NiO is an anion excess, paramagnetic material in the cubic

rocksalt configuration with one molecule per primitive cell; the lattice con-

stant is 4.1811 A.I Below the Neel temperature of TN = 523 K, NiO is a type

2 antiferromagnet, (2 with a slight rhombohedral lattice distortion [0.15%

contraction along a (111) axis] caused by magnetostriction. The compound

exhibits small deviations from strict stoichiometry, representable by the

34formula Ni1 6 0O with deviations in the range 0 $ 6 < 5xlO- 3 . As 6 is decreasedI (4)by appropriate annealing from its upper limit towards zero NiO transforms

from a black opaque material, which may have a greenish cast, to a green

translucent material. The resistivity at fixed temperature is increased mar.y

I orders of magnitude as the material is rendered increasingly stoichiometric.

A striking feature of crystalline NiO is the inertness of this material

toward chemical changes. Reduction to metallic Ni can only be achieved by

heating under almost total exclusion of oxygen (Po2 < 10-20 atm ) or by use

of hydrogen at elevated temperatures. NiO can be dissolved only in molten

salts such as K2 S207. Acids and bases have no noticeable effect on the pro-
perties of crystalline NiO. The density of NiO at room temperature is

7.45 gm/cm ; its melting point is approximately 2230 K.

3ingle crystals of NiO may be prepared by at least five different

techniques involving high temperature methods: flame fusik" (also termed

(5(6) (7)the Verneuil technique),( 5 ) arc image furnace floating zone,, plasma torch,

solar furnace melting technique, (8) and arc-transfer. 9 Three others, halide

decomposition and deposition on MgO substrates,(°10) chemical vapor transport,(11)

and growth from a flux, (12 are carried out at much lower temperatures. No

measurements have so far been reported on NiO grown by chemical vapor transport.

j~rŽ1.



V, Typically, samples obtained by the high temperature techniques are more strained

and nonstoichiometric than those grown by halide decomposition, though halide-

decompositiorn-grown specimens also exhibit strain caused by the mismatch between

the MgO substrate and NiO lattice. It is possible, however, by annealing to

improve the stoichiometry and to reduce internal strains to the point where

the samples so treated become superior to the thin film material grown by halide
decomposition. In g-neral the electrical transport prope.rties of NiO are much

altered by changing the state of internal strain and degree of stoichiometry,

whereas heat capacity and elastic properties seem less sensitive to these para-
meters. The critical evaluation of particular data with regard to these factors

ji will be discussed in the following subsections, along with the general back-

ground information relevant to each set of experimental data.

2.2 DC Electrical Resistivity

Electrical resistivity measurements in transition metal oxides suffer from

two classes of problems: those related to material quality (including thermal

~ !history) and those connected with measurement techniques.

The presence of voids and other crystal defects alters, both in quality

V and degree, the electrical conductivity in NiO. Empirically, it is found that

fused polycrystalline material composed of macroscopic single crystal domains

exhibit electrical transport properties very similar to those of single

crystals. By contrast, sintered ceramic specimens show resistivity variations

I which cannot be simply associated with a decrease number of conducting paths

due to the presence of voids. The details of these alterations depend on the

I sintering process such as the firing schedules, the firing atmosphere, and the

compaction techniques. Further, different sintering-processes produce various

777W
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types of internal boundaries and surfaces whose electrical conduction character-

istics are in general different from those of the interior of the grain.

Depending on the relative magnitudes of the surface and bulk conductivities, the

electrical characteristics of one may overshadow that of the other and thus)

lead to wide differences in observed characteristics. In addition, prolonged

exposure to elevated temperatures during sintering may also inadvertently allow

"substantial amounts of impurities to diffuse into the material where their

effects are sometimes compounded by the proclivity of certain cations to segre-

gate on grain boundaries and at other defect sites.

Because of the ambiguity introduced by the sintering process, recommended

resistivity values for ceramic specimens should be regarded with circumspection,

because such measurements cannot be reliably reproduced. Electrical conductivity

data for polycrystalline and single crystal specimens are relatively more uni-

form and reproducible in characteristics.

After the state of aggregation the next most important materials para-

meter is the past thermal history of the samples. Whenever single crystals

of NiO are heated above approximately 1000 K(13 ) solid state reactions begin to

occur on laboratory time scales. These reactions first involve equilibrationi

of surface defects with the ambient oxygen partial pressure; also, changes

occur which reduce the extent of high strain regions on the surfaces of the

specimen. Above 1300 K(1 3) these processes begin to produce changes in bulk

stoichiometry and give rise to relief of internal strain. Since charge

transport occurs by motion of carriers (holes) which arise from the presence

of cation defects (Ni vacancies) it is evident why various heat treatments

under different atmospheres cause tremendou~s changes in the electrical resis-

tivity of a sample. Hence, a major concern of this report is a careful, critical
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analysis of the data acquired from similar specimens with different thermal

i histories.

As concerns measurement techniques, it is important to note that the

specimens in pure form have resistivities considerably in excess of 10 ohm-cm

at temperatures below the Neel point T 523 K. Electrical measurements in

this temperature region require the use of very high input impedance devices

such as electrometers, varactor bridge operational amplifiers, or FET input

operational amplifiers for voltage sensing.(14) These precautions are

particularly crucial in the measurement of Seebeck coefficients. Resistivities

should always be determined by the standard four-probe technique to avoid

complication due to junction impedances. Unless these precautions are taken

electrical measurements at best are suspect and at worst,meaningless. In the

data evaluations at later Sections an attempt has been made to take these

various factors into account.

2.3 Seebeck Coefficient (Thermoelectric Power)

The Seebeck effect in a material is due to the production, under steady

state heat flow and zero electrical current flow conditions, of a small

gradient in electrochemical potential as the result of the imposition of a

small temperature gradient. The magnitude oF the effect is specified by the

Seebeck c, efficient*, a = AV/AT, i.e., by the voltage difference per unit

temperature difference across the sample, measured at a specified average

sample temperature.(15) The variation of a cs a function of temperature,

*Strictly speaking, a V(ý/e)/VT, where ý/e is the electrochemical potential

per unit electronic charge, and V is the gradient operator, but for most

cases this rigorous definition reduces to the one shown above.

IO

I,4
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in conjunction with a model for the electronic states in the material, pro-

vides information on the magnitude and temperature dependence of the carrier

density and on the degree of electron-lattice and/or electron-magnon coupling. (16)

The experimental dif~iculties encountered in electrical measurements also

have their counterparts "n Seebeck coefficient measurements. Earlier remarks

regarding sample quality are applicable to the present situation, pcarticularly

"since Seebeck coefficients of different parts of a sample (e.g., surfaces and

grains in sintered compacts) are weighted by the conductivity a. of that

portion of the sample, relative to the total conductivity, aT. The overall

Seebeck coefficient is given by

a i. (1), T

where the suir.ation i is taken over all different types of charge carriers

which may be identified as contributing to the overall transport properties

"of the material.

Special difficulties are associated with Seebeck effect measurements

and their interpretation in very high resistivity materials.' These arise

from the need to measure the small magnitudes of the Seebeck voltages, typically

a few millivolts or less, on specimens whose total resistance may be in excess

o 1012 ohms for pure samples of NiO. Further, the accurate imposition of

a small temperature gradient withFut disturbing the sample is a difficult,

though important task. In general, the use of buffering circuitry for

isolating the sample, and employing special predictive filtering techniques

for optimizing the signal-to-noise ratio, as well as the use of nonelectrical

7 7i
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methods for imposing the temperature gradients with a four-probe technique

are essential to obtain meaningful results on high resistivity specimens. The

delicacy of such measurements frequently has not been sufficiently appreciated.

2.4 Heat Capacity (At Constant Pressure)

One of the most fundamental thermodynamic measurements which can be

executed on any material is the determination of its heat capacity at constant"; IT IT T-p

pressure, Cp. Evaluation of the integrals o Cp dT and f 1C dT yield

the enthalpy and entropy, respectively of the material under study, and

from the latter two quantities the Gibbs free energy of the compound may be

evaluated.

To compare experimental measurements with theory, it is necessary to

convert to the heat capacity at constant volume, Cv, via the expression

C= C + aVT/a (2)

I (17)
wherein alis the coefficient of thermal expansion for NiO, B its compres-

sibility,(1 8 } T the temperature,and V,the volume. According to the Debye

theory of lattice vibrations in solids, CV is expected to approach asymptotically

the limiting Dulong and Petit value of 3r0 at high temperature, where R is the

gas constant and n the number of atoms in the formula unit. Heat capacity

measurements in NiO are subject to an Uaditional complication: near 523 K the

material undergoes a magnetic disordering transition in converting, on heating,

"I •from an antiferromagnetic to a paramagnetic insulator. In accordance with well-

- 1 • known theories of order-disorder transitions,(19) this gives rise to the so-

called lambda-type anomaly in the heat capacity, i.e., a broad'peak terminating

in a rather abrupt spike, superposed on a normally rising background.

"Vigg,

I - C.-, -



As already mentioned, these measurements are expected to be rather insensi-

"" tive to methods of sample preparation, thermal history, or state of aggregation

of the material.

2.5 Thermal Conductivity

The thermal conductivity of a solid depends on the degree of aggregation

"if it is cerai..c, and on the direction of heat flow with regard to crystal-

lographic axes if it exhibits crystalline anisotro-py. In a magnetically ordered

crystalline material such as NiO, an additional dependence of the thermal con-

ductivity on the degree of magnetic order is also observed.(20) These magnetic

effects are obscured in ceramic specimens due to the random orientations of

the magnetic axes; in other" respects, above room temperature the thermal con-

ductivity of ceramic specimens is closely proportional to that of single-crystal

J material. In this regime the mean free path of phonons is small compared to

the average distance between defects, and the magnitude of the thermal con-

ductivity is governed solely by the porosity of the specimens: voids of any

type may be considered to function as very high thermal resistances. It is

only at lower temperatures, where the phonon mean free path becomes large,

that the correlation between thermal conductivity of single crystal and ceramic

specimen breaks down. Phonons then scatter off the macroscopic defects such

as dislocations, voids, grain boundaries, magnetic domain, internal strains,

and the like.

To determine the intrinsic lattice and magnetic contributions to the

thermal conductivity, it is clearly necessary to rely exclusively on measure-

ments performed on single crystals of the highest quality. Even so, the need

for thermal shielding to avoid spurious heat transport by extraneous conditions -

and radiation, makes it difficult to obtain reliable data. (20,21) It should

;t~;:j~:ý ` -R.



S~be kept in mind that radiation effects are proportional to the fourth power

S~of the temperature difference between the specimen and the surroundings, and

°•:• •i therefore, particularly troublesome. •

I . lsi osat

i • • Beckause the electrical conduction in this material seems to be closely "

linked to the elastic properties of the crystal (2)precise values for the

S~elastic coefficients and their variation with temperature are of considerable

.I fundamental interest, as well as being important in determining the possible

S~technological uses of this material. Measurement of elastic coefficients *

J ~of sample subdivision so long as the density is close to that of the ideal•

i material. An alternative method consists in determining phonon dispersion

•. ~curves from inelastic neutron scattering. Data using both types of techniques •

S~are cited in Sec. 3. All elastic constants normally are weakly dependent on

I.. "temperature; however, one anticipates rather drastic changes in these quanti-

•- ties and in Young's modulus as the material passes through the magnetic order-

S • ing temperature.

i~~2.7 Coefficients of Thermal Expansiona;

Thermal expansion is usually monitored by dilatometric techniques or by •

dietotclsuis nocso -aydfrcineprmnshv en••

.• utilized to determine the variation of lattice parameters with temperature,] adithecoefcet o fptheral stdexpnc ansion Xaiffrat ion calulaedrimenthse hata. bee
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but they are dependent on the availability of specimens with relatively low

porosity.

2.8 Data Analysis and Further Comments

The Hall effect, normally an important part of any study of electrical

transport properties, is not considered in this report. This omission is

justified on three grounds: First, there are very few reports of the Hall

effec.t on single crystals; thus, no real basis for critical evaluation exists.

Second, in the few instances where Hall effect is reported, the results are

at extreme variance with one another. There is no agreement on such funda-

mental quantities as the sign, or the sign reversals near the Neel transition,

let alone the magnitude of the Hall coefficients, even when measurements are

carried out on nominally similar material. Third, in an antiferromagnetic

material such as NiO where hopping conduction may dominate (see Sec. 3.2),

the theoretical basis for interpreting, and hence, for generating recommended

i values of the Hall effect are exceedingly complex.(2) Moreover, the predic-

tions vary, depending on the precise model and on the particular charge carrier

transport configuration which is assumed.

As regards data evaluation for the remaining transport cc-fficients,

critical analysis and careful comparative evaluation are essential in the

generation of reliable recommended values for the thermophysical properties.

S 1 Procedures for data analysis for single crystals and polycrystalline ceramic

specimens are similar. They consisted in assessing, where possible, the vali-

dity and reliability of the data, based on description of experimental proced-

ures, related information, and internal consistency. It was further attempted

to resolve conflicts and discrepancies in data, to correlate data in light of

I



various controlling parameters, to carry out curve fitting with theoretical

"or empirical equations, and to compare results with theoretical predictions

A • or generalized empirical correlations. Theoretical methods and semiempiricalA .

"techniques have also been employed to fill data gaps so that the resulting

recommended values would be internally consistent and cover as wide a range

I •in the relevant controlling parameters as possible. Such analyses were car-

ried out only for those properties on which a considerable selection of data

were available.

] Considering electrical resistivity, for example, in the evaluation of a

- pirticular set of measurements, the temperature dependence of the data was

examined and any unusual feature or anomaly carefully investigated. The ex-

perimental technique was reviewed to be certain that contact effects, unwanted

loading, spurious voltage sources, and inappropriate physical conditions of the

measurement are accounted for, and that the samples were carefully prepared

in a suitable atmosphere by reliable techniques. Also, as far as possible,

estimates of uncertainty were checked to ensure that all sources of error had

been considered. Data were considered reliable only if all sources of system-

atic error had been eliminated, or minimized and accounted for.

I The selected sets of data were classified according to values of important

controlling parameters, and recommended or provisional values of the electrical

resistivity were generated for each value of the controlling parameters. For

unannealed single crystals, a theoretical curve is available and is compared

with the appropriate data over the temperature range for which the theory is

considered valid.

ti
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3. PRESENTATION OF DATA

Each of the subsections shown below deals with data pertinent to undoped

single crystal ur polycrystal specimens of Nickel Oxide. The experimental

results are exhibited in graphical and in tabular form, along with information

covering sample preparation and measurement techniques. In addition, where

possible, we have generated sets of recommended values for the property under

consideration. These are entered in graphical form on the various figures;

representative numerical values read off from these smoothed graphs are entered

separately in appropriate tables.

One should recognize that the electrical prorerties are very sensitive

to departures from the ideal 1:1 ratio of O/Ni; hence in resistivity and

Seebeck coefficient measurements, distinctions have been made between samples

"of different stoichiometry by referring to Ni1 60, with 0 < 6 < 5 x lO .

The mechanical and thermal properties are far less sensitive .to these effects;I consequently, the distinction has been dropped in later sections and all sam-

ples have been designated simply as NiO.

3.1 Electrical Resistivity

Recommended values for the resistivity of undoped single crystal speci-

mens of Nil0 in the range of its kinetic stability are shown in Table 1.

The procedure for obtaining these values is discussed in Sec. 3.2. The results

of resistivity measurements are displayed as plots of log p(ohm-cm) vs. 103/

T(K-l) in Fig. 1 for single crystals and in Fig. 2 for polycrystalline materials.

The temperature range for these investigations extends from ca. 250 K to 1000 K,

over which the density of Ni ion vacancies remains constant, being determined

I'7A

Jý



TAB LE 1 1

RECOMMENDED RESISTIVITY VALUES FOR SINGLE CRYSTAL Ni16O
JN THE RANGE OF ITS KINETIC STABILITY

ELECTRICAL RESISTIVITY, ohm-cm
Temperature, K Nearly Stoichiometric Parti-,1ly Annealed Unannealed

Sample Sample Sample
A B C

2000 3.34

1430 -- 9.00 x O10

1330 1.75 x 10 1

1010 2.41 x 10 2 4.56 x 10 1 1.30

12

800 5.00 x 10 3 9.10 x 10 1 1.92

670 2.15 x 10 ~ 2.00 x 102 3.30

570 4.65 x 106 6.15 x 102 7.28
7

500 7.18 x 103.95 x 10~ 2.08 x 101

440 7.84 x 108 3.68 x 10 9.10 x 101

407.24 x 10 ~ 3.23 x 10 ~ 4.62 x 102

360 5.05 x 101 2.90 x 106 2.47 x 103

33 .45 x 101  2.50 x 107  1.45 x104

310 1.80 x 101  2.18 x 108 7.98 x 10~

290 8.10 x 10 12 1.63 x 10O9 4.10 x 105

270 1.17 x 101 1.94 x 106

250 8.20 x 10l 8.20 x 106

240 5.00 x 101 3.43 x 10~

220 2.67 x 101 1.38 x 108

9
200 -1.50 x 10

190 -3.68 x 10~

180 -7.00 x 109

I1 M
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by the thermal history of the sample prior to being cooled to constant compo-

sition. A number of studies covering temperature ranges above 1000 K are not

included, because in this region the O/Ni ratio changes with temperature, due

to rapid equilibration involving the exchange of oxygen between the solid

and the ambient. The measurements in this high temperature range are there-

fk re crucially dependent on the partial pressure of oxygen in the atmosphere

surrounding the sample and are not intrinsic to NiO.

Several features of Fig. 1 are noteworthy: There is an enormous spread

"in resistivity values; at room temperature p lies in the range 103 to 1013

ohm-cm for single crystals. The particular value depends, among other matters,

quite sensitively on 6, which quantity is restricted to the range 0 < 6 <

5XlO- 3 in the homogeneity domain for nickel oxide. As 6 decreases towards

its lower limit the resistivity increases; the most nearly stoichiometric

specimens become good insulators. This is so because the density of holes is

controlled primarily through the density of nickel ion vacancies, which, having

an effective double negative charge each, are associated with two holes that

maintain electroneutrality. In a perfect crystal for which 6 = 0, there would

be no excess charge carriers for net charge transport; in actuality, the exact

1:1 O/Ni stoichiometry cannot be realized, and the presence of impurities and

other types of defects furnishes sufficient carriers for some observable con-

ductivity. The upper limit on the resistivity which can currently be achieved

with the best available samples is shown as the uppermost curve, Curve A, in

Fig. 1. The lone curve (curve 4) which is shown as lying higher in resistivity

was reported for a thin NiO film on MgO and appears to be spurious. For inter-

mediate stoichiometry the recommended values are shown in Curve B. The lower

limit, attained for 6 z 5XIO" 3 , is shown as Curve C in Fig. 1. It is seen that

nearly allthe measurements reported in the literature fall within the indicated

f -
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range; there seems no reason for questioning any of these results. Whatever

!'° : •odifferences are encountered presumably are due to differences in 6 among the

various samples.

The variation of resistivity with temperature is rather complex. Most

noticeable are the rather marked changes of slope in the plots of Fig. 1 close

to the vicinity of the Neel point at TN = 523 K. These changes are not abrupt

but occur over an interval of 40-70 degrees in the vicinity of TN. At higher

temperatures the resistivity activation energies p range between 0.30 eV

for S = 0 to 0.20 eV for 6 • 5X10- 3 . For most of the data reported at lower

temperatures it is not possible to specify a unique conductivity activation

energy since the plots in this range of temperatures are not strictly linear.

However, the average values of c are approximately 0.80 eV for 6 z 0 and

0.66 eV for 6 u 5XlO" 3 . An interpretation for these facts is offered in Sec.

3.2 where the curves for the recommended values will also be explained.

Reasons have already been adduced why resistivity measurements carried

out on polycrystalline, ceramic, sintered, pressed, or powdered specimens

shovld be regarded with great caution. Aside from the difficulties intro-

duced earlier, the problem which is peculiar to NiO is that untreated surface

layers tend to be strongly Ni-deficient, as judged by XPS (ESCA) experiments.(24)

We therefore do not recommend any of the resistivity values in Fig. 2 as being

representative of bulk NiO, although these measurements are of intrinsic in-

terest in certain industrial and engineering applications. It is to be noted

that at room temperature quoted resistivities lie in the range 3XlO to 1010

ohm-cm, i.e., considerably below the range of p values quoted for single crys-

tals. Also, the conductivity activation energies tend to be lower and the

changes in slope near the Neel point less than for single crystals. The limit-

ing curves shown in Fig. 2 represent empirical boundaries within which all

I L
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data so far reported are encountered. No recommended curve is offered for

polycrystalline materials.

Measurement information is provided i., Table 2 for resistivity measure-

ments on single crystal HiO; the actual experimental results are collected

in Table 3. Similar information for polycrystal NiO is displayed in Table

4, and the experimental data are tabulated in Table 5.

3.2 Seebeck Coefficien~t

IRecommended values for the Seebeck coefficient cf undoped single crys-

tals of NilO in the range of its kinetic stability are shown in Table 6.

The construction of these values is discussed below.

Seebeck coefficient measurements on single crystal specimens are rather

Sfew in number; available data are summarized in Fig. 3 as plots of a(mV/deg)

vs. 103 1). As expected for insulators, a values are large, falling in

the range 0.4 to 2.0 mV/deg. Above room temperature the data are relatively

" concordant, in that in almost all cases a increases as T is diminished; how-

ever, while some measurements show a change in the slope of a vs. I/T as

magnetic order sets in, no magnetic ordering effects are detectable in other

sets of measurements. At room temperatures, the data diverge; in curves 1

and 2, a passes through a maximum and then decreases on cooling; whereas the

remaining plots in Fig. 3 are continuing straight lines. We believe that

below approximately 350 to 400 K sample resistivities of single crystals are

so large that special precautions must be taken with regard to sample isola-

tion and data acquisition to avoid serious error. Furthermore, internal

strains can lead to divergencies from straight line behavior in Fig. 3.

Accordingly, our recommended values left the low temperature variations of

curves l and 2 out of account.

M I
S I N•.l III_.

-4 "+ 4+ - -+ • ++ + + ""+ -++.•+.++•++ •+.:'2, +
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TABLE 6

RECOMMENDED VALUES FOR THE SEEBECK COEFFICIENTS OF SINGLE CRYSTAL

Ni_0 IN THE RANGE OF ITS KINETIC STABILITY

SEEBECK COEFFICIENT, mV/K

Temperature, K Annealed Sample Unannealed Sample
jA B

1330 0.576

1000 0.671

I .800 0.768

670 0.864 0.547

570 0.960 0.609

500 1.056 0.671

440 1.152 0.733

400 1.248 0.797

360 1.346 0.859

330 0.920

310 0.982

290 1.044

Tq

V.o
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The simplest interpretation of the data -0 Figs. 1 and 3 is to assumeI 9 that charge carrier transport in Ni1 60 occurs by a hopping process. This

is substantiated by the fact that: (i) plots cf a vs. lI/T extrapolate to

zero or very small intercepts at I/T = 0; (ii) that estimated charge carrier

mobilities are less than 02cm2/V-sec below 1000 K, and assume values of

i 2XlO-5cm2/V-sec at room temperature; and (iii) that whereas the resistivities

are enormously sensitive to stoichiometry, the Seebeck coefficients are not.

[Other authorities disagree with such a view and postulate that charge carrier

transport occurs in very narrow bands; however, we feel that their conclusions

are based primarily on measurements of Li-doped NiO where the situation is quite

different, since even very small additions of this dopant significantly alter

the properties of the host lattice.(25)]

On the hopping model the slopes of the straight line portions of Fig. 3
are proportional to the dissociation energy Id required to remove one hole

from the nickel ion vacancy to which it is bound in the ground state. The

"theoretical analysis leads to the result(26)

,.,j =e d/kT + A (3)

where A is a small numerical constant. The recommended graphs in Fig. 3 for
60and 6 5XlO" 3 corresponds to Eq. (3) with ed = 0.3 eV and A- 0.30 or

ed 0.2 eV and A z 0.18 for Curves A or B respectively.

SThe above model also leads to the following schematic expression forI

the ccrductivity o -0p-l.

S= neu = n ell exp{(-n + e (T))/kT} (4)

wherein n is the charge carrier density, 11 the mobility, e the electronic

0 charge, en and e the charge carrier density activation and mobility activa-
tion energies. This last quantity is given by l Ec E m(T), where ec is

II
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the energy required to bring the initial and final sitesinto energetic coin-

4 cidence so that a charge transfer between these sites may occur when complete

magnetic order prevails, and Cm(T) is the contribution of magnetic disorder

which adds to the energy of the charge carrier and therefore diminishes the

overall energy required for coincidence. The actual theoretical expression

is rather complicated; interested readers should consult Ref. 4 for details.

The recommended curve C in Fig. 1 for 6 = 5XlO0 3 was based on calculations

involving Eq. 4, with a variety of required input parameters taken from the

literature. No such parameters are available for the strictly stoichiometric

compound (6 = 0):, hence the upper limiting curve A of Fig. 1 is provisionally

adopted for single crystals with nearly perfect stoichiometry.

We now turn to a consideration of Fig. 4. Here again, considerable

caution is required in acceptance of data for polycrystalline samples. It

is generally thought .hat Seebeck coefficients are not very sensitive to the

state of subdivision of specimens; nevertheless, when the properties of surface

layers differ appreciably from those of the bulk, Eq. (1) applies; Seebeck co-

efficients may be drastically altered for cases where the surface or boundary

conductivity considerably exceeds that of the bulk of the grains. Curves 11-16

of Fig. 4 appear to be characteristic of polyc.ystdlline materials where grain

boundary effects are dominant. Most of the remaining graphs are relatively

temperature independent, as would be the case if carrier transport occurred

by a hopping process with a constant density of charge carriers. It is of

interest that a falls in the range 0.2 to 1.6 mV/deg for polycrystalline sam-

ples, as compared to 0.1 to 2.0 mV/deg for single crystals. The recommended

curves are the same as those given in Fig. 3.

Measurement information on the Seebeck coefficients of single crystal

NiO is displayed in Table 7, and the experimental results are showni in Table 8.

N ....... . ..... "-,

- --



z -z

ii 4i
I I

w I ¶

N ww IN33133383

(I) i



:16

'41

ut

W I 0 C

0) 4 -J0

0 %- 0 4-

Li0 0

-0 an c'.n . 4

'0- 4.' 0

-~4 V. -

'U 1-0''
cc Li C- 4->

W1 _ .0 0/
.J 4 4-- C Li 0

%- Li 224. S4.';

U- In S- V) 0
CL 4- ol 0 0.

4J 0 0. 4, 4.

0) m. 40 .0 .!E
UU 0. C-4 0 L CL

o ~ ~ C C.-LU0f

L L L' 2 .0
j 01 mU4 Mn 10 m W -; : a

oi CL 410 w 4.1 4UC X4) 4J > >

Li0 0 0'

0-41 0 1 >1
L'i *. u1Ltl 1 IU 4 In 

1i Co a, 0 .0) M0: m IIi m3 Wa
c- CS0 E C tf c E E

U.' CL.0 1/1) 'S- U) - In In ) In IA ) UA 0

Li

c 0)0 44

aa

co CY C4 .' t to %0 10 %
OD -t -,* -T~ %r '

m w. m' - 0 tr ? C CO C? CO

c-4 It 0 Cý CI- 0 0' 0

S c'.' es to m C) m~ c'
0

lu to tO r, to 10 t

:s &- CO %- 'U -

0 co= c..C
41 41 ' .

-i -E i *-L i.

I.-n - 00.
0 cm . C; z.5- C w4-

m-2 44~ u4. 'U 2 A 2 ý Li U

4- W L

C'.'~~~~~I ton: sf o 1. ~
IL

I. -- b

4.C



37

'C))

<

I-i

U-

LLSj

Cd -o Ij MI to0 WrýL , 0 C owt 0 w t , n.nq

w w
- 0t" to- f lvc D"r0r Da l V)2G Co u ý owt oIT-r( ,V (r

Cl)

0

C.) C)00I

w u r a! a ! Cý cc .n e

000 000 ------ 000 00000 0 0C)0 0 00>0 0 0 0 00

4O4 0n ~ 2ju L

WcrCD J- cmf c.) r-, m: 0c~n~fC (Ii re) % 0C > 0 Ua L

t- ---2cl IJ"e mm ' JCNJ "C'J- mmencicicl I liC C4 CNJ14CNJCN*JCN

~ 0 cC - -I- -- - - - 0- - - -- - - -- CD C O lC) a C)0 c)-O r ~ C , Q QC'J CflO Q

Iý LL La -~occc-

d: 00 00 4D 0000 cý co0 c O0D000000 V - n n
COr Cý w U

Cl ýc ;C ýc ýCjC ým V)cc*M , " v l qý c

'.to01- (A. C OCt 0% 0n.M M C Ln 0 'M r" n %D -a' cn c0 tot -cm .. , C I 0 ~ IV D Cr)' JC-

riC VL nr0 nC n0 ý c 30 oc 0% n11mc n ' or -C n4 oc o-
C.0r..COOCOOO10aObO).0'.Lf%0

It~ -LUC

w n MLoMýrw v e n L ( 0 '.týmmm0 0%0-Wr ,WL ; C'JCJ

Lý 9 ý ý 1: ý lý ý ý ý 1 C C 1ýLý1ýOýCý ? l~ C. 9-:ý! V!', Lý1ýI`Cý .,C!.

w N cli . . . .~ cl~m m m --- - -- - -



* ~~38 -

10 4;
wi 4.) >,G.

4-'to 0). Vi3I I A
u~ 0..- .2. - m

4J~ h0 x 0. c1 Ci Ci C 1

r- W Q co 04 i. w h 0i

c 0 u 0 t, 0 c iS

41 .0 ~4; ) au C0 4Cm :

42 tj 4 0.0w' 0 a 0
m- c 01 M.r s-e * . S- S c S

0o 4-3 :3 0-m S- C'c4
u 0 b4 C', m-. I-

0) *r, mi m4- 00 tn mA (nI I
o> 4.) 412 1- E0 r= E )L

M-4 Cv 4-) w- 0 0v 0U 0
-0 0 tuL CL mL za; a

D OLi 41 114- mi C i C - 0

m4- S0 0L 'a m0.cl l 1

-U u -0 ID IC EmC I
0 1 4-1)4 CL CL CL Mi CD Ci

-r- 4- .14. 0 Clu C 0. 0 0. E co C)
- im 0. 4-' s- _ 0 . C, 0 0 0 0 0CIA0 0 In

<. E- = Z 0 Cr- *) (v 4D 4) 41 4 0
Ci m ~ 41 v i .- I-- .

0~jq 0L C 0CD 0 ' C
4) 0. C: 400 41-~ 4. 0. 0. 0. 4 41' 4

CL C10. )1 C m 0 L 0 ) (v m m a
.C ,4 4 - Ci IC w IC 1

=.- 4-I wC~ Ci Ci Ci Ci 0 0

I.-1 0J cu V0 .-I- E ) ) 4) c- C S0 xV- 4J ) 4-) 4)

-j C S-4- .~ In Li)I 0; 0D 0 ý 0 _ mi C 0 0 0>.J 3L '4o u~) WV CA > i > 2 Ci >1 >- N41
C) c0 4J -_ '-CM 0 0.0 0.' 0.0 r

S- m)Ci 0 c .- ) co UN mE S- S- S- i )Li CL V1-1 0i EC0 4- 4-~ 4- 4- 4- *.-0 E I
LfVi SC.. 4-JC U~i E 00 IhCA .- 0 0) 0

=S I. .0 001; 4X >n (1) zX q

~~00 E S.V C 4) I.. - 0 0 0 0 0 . I C I
Ln Im0 0) D , E V)~ OD4 U0 0 0 (n OD M.. V) V 1.

CD c o 2 -2-'44 V,'- 4 - 4

0j C4L ~C
LiJ

LL 0 z CCD4
LO 0Ient. C 0i C

0U0 0044 a, r , r r - t 0 3 ' '

m r- co ODC 0ý 010 C ', to n

C- C

L,

S- ~ I tn zý L C r n t % o C% a Y 7IC LO to. 1-o 1- to 1-D to tot-.r -U. 0 0 0
ca . C .'0 0 C; "0 4; , 10) C C C0 0u 00 0 0 u 00 0 u to m t0 *0) W. .4- 4 a~ C D C D4) a C VO ="O faZ o -- - ' 2~C;0 Li wi C C . -..Id Cý CC 0 0 0'o 0.o 0 .0 4 3: 4) 3 4 3: 4J3C0 -. C C C-2 =. ýC~C .CiCi.Ci C)0~J Nf. 0 0 w~ 0.0 *iC - -)

I = wO w ft. S- Im'



-'('

N0

C. CC m

'4'A

0C
41 Q) a)Ni -

4 ) d)- 4

c U 43 CU

CL CL . 4

C .) E 0 .

4-. Ln Q.

o w S. E CU .CZ

cu >cU. C)
Co 0 c L r .

* Ln

>. m .0 s-CC.

-0 oC m c C0
mA m S. 4-4-C

d) 4A CC))-J ~ . .C CV Z

C 0 .0 Z.CC

oD . 0) C) '0
-. *. E E 00~

CA CU C D CL' 04.

L.J CU MC

S.0-.-*

Li4. 4- 1*

- Ci CL bg 4 C.

-CCJ

0:

mCL 0.C~C3C
03

u r=Im U' CO C
LO IT cO ~

w cc kC Cw CC C

C 5'v

C )

CLA

.0LL.

0;c > c C.

CC o UC w Ci
*CA 3CA 4J C 0A

cCL CCC. "C

-13

-4V



4 40

IC

I.-.

La)

.1 cL ..) r rf M-tMDO~mn ~ %
. cm c'J Oý liC'JL,

u ) L O.

w -I tv "I. m' ee'J 2 m CRC

ca)j

L U L .

Lu

Lu

0n

4-,
S.'w. Lu w. Lu

CL

L-S

c0 ltoI e. c'Jc' ~ eOLO Ira r D00mt oC n C, f- S.D ON 00 to

000 C O C 0 000 DC5Q0 I-, 00000 co 0000 05 000000a - 000000

L SDnr-MD- wO N0 O 0CSrLl s r-LO 0fn co OS-

0% li % C 0C, 0 m- M toW to0000j 0 JDco% 0%0

6666 aLC)

w' Luj w~Ic)" w w .

ce w. IJ ýr __ __ __ G~ LnM Oc Dc kc- o-M ýQ, n



r41 w

The corresponding information for polycrystal NiO is provided in Tables 9

"and 10 respectively.

3.3 Heat Capacity 'I'

Recommended values for the heat capacity of NiO are collected in Table

11. Itsconstruction will be commented on below.

Heat capacity measurements at constant pressure are shown as plots of

SC vs T in Fig. 5. The results of investigations are nicely concordant, ex-

cept in the temperature region near TN, where the measurement depends not

only on the manner in which the sample is passed through the Neel point but

also on the precise variation of long and short-range magnetic order as a

function of temperature. Heat capacity properties outside the anomalous

region are insensitive to the state of subdivision, impurity content, and

stoichiometry of the sample. According to standard theory, the gradual

disappearance of magnetic order on heating should lead to a second-order

transition, which, in the simplest cases, manifests itself as a X-anomaly

in the heat capacity.(19) Such anomalies have been observed in most cases,

- • but in one particular instance a much sharper peak has been reported (Curve

4) which is more reminiscent of a first-order transition.

Above the Neel point, TN = 523 K, the heat capacity C reaches an asymp-N Ne

totic value of 0.172 cal/g-deg which lies higher by 3% than the anticipated
SDulong and Petit value for the heat capacity of constant volume, CV 11I.92

cal/mole-deg for NiO; this discrepancy is expected on the basis of Eq. (2).

The recommended curve is an average of the various reported values out-

side the temperature range of the C anomaly, for which no recommendation is
p

possible for reasons outlined above.

li
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TABLE 11

RECOMMENDED VALUES FOR THE SPECIFIC HEAT
i '• AT CONSTANT PRESSURE OF NiO

Temperature, K Specific Heat, cal g- K-

0 0.001
50 0.011

100 0.044

150 0.080

200 0.107

'1 300 0.141

400 0.168

480 0.194

500 0.204

505 0.211

So510 0.230

". 545 0.226

S550 0.205

560 0.189

580 0.179

600 0.175

700 0.172

800 0.172

900 0.172

1000 0.172

4I

*77
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The experimental data of Fig. 5, after subtraction of the anomalous

jI portion due to the second order transition, may be interpreted within the

"I framework of the Debye theory, according to which for each elementary lattice

constituent the molar heat capacity reads:

Cv = 9Nk 4.) {4V(-.)+ TDI'(~) (5)

in which N is Avogadro's number and

D P dx, F hvm/k (6)
T oe x-l m

0 being termed the Debye temperature, which is related to the maximum lattice

vibration frequency vm as shown above. It is worth noting that at low tem-

peratures T << 0, the above relation approximates to CZV z (2/5)'n 4Nk(T/0) 3

whereas at high temperatures it approaches the Dulong and Petit value C V 3 Nk

4 per atomic unit. The above quantities must be doubled to take account of the

." fact that NiO contains two atomic species per formula unit. Since tabulations

of D(O/T) are available, it is possible to test the data for their fit to

"Eq. (5); it is found that reasonable though not excellent agreement may be

attained in the range 0 < T < 250 K with a value of 0 = 580 K. Obviously such

a fit cannot cope with the X-anomaly; also, above 300 K the difference between

and C becomes sufficiently noticeable so that values calculated according

to Eq. (5) are expected to lie by several percent below the measured C values.

Finally, one should recall that the lattice symmetry changes as the NiO passes

through the a,,tiferromagnetic ordering temperature: one would thus expect 0

for T > TN to be different from 0 for T < TN.

Information on measurement techniques of heat capacity determinations is

H accumulated in Table 12; the actual data are tabulated in Table 13.

•'7

r 1
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3.4 Thermal Conductivity

Reczommended values for the thermal conductivity are shown in Table 14;

comments concerning these are provided below.

Thermal conductivity (K) curves are shown in Fig. 6 as plots of log K

vs log T. Various sets of data are widely different, as is expected from the

fact that K is very sensitive to the state Sf subdivision of the sample.

Nevertheless, the general character of the data follows the anticipated pat-

tern. The thermal conductivity passes through a maximum; at higher tempera-

tures K is governed primarily through the mean free path, as determined by

phonon-phonon scattering processes; since witn rising temperature the phonon

density increases according to the Bose-Einstein law, the mean free path

decreases and K diminishes correspondingly.

The only really effective phonon collisions are the so-called umklapp

processes(27) which require that at least one of the phonons have a wave

vector greater than half of the maximum possible value, i.e., greater than

(1/2)vm = (1/2)k 6/h, where 0 is the Debye temoerature introduced earlier.

SThe probability of encountering such phonons at temperature T is proportional A,

Z •to exp(-hvm/ 2 kT) = exp(-0/2T). To find a second phonon of an appropriate

wave number so as to make an umklapp process feasible involves a probability

t 3which varies as (6/T) . Therefore, the anticipated temperature behavior for

K in this regime is
M

K = (T/6) exp(0/2T) (7)

where K0 is a parameter independent of K and T.
40

At lower temperatures the phonon density becomes sufficiently low so J,

Sthat the mean free path, 2, of phonors increases to a point where it is

limited by the average distance between defects or by the grain size in the

specimens. In this region the thermal conductivity is given by

00"'
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TABLE 14

PROVISIONALlY RECO1MENDED VALUES FOR THE THERMAL

I CONDUCTIVITY OF NiO IN THE RANGE 3-700 K

Temperature, K Thermal Conductivity, W cm-1 K71

2.8 0.0172

4 0.0512

6 0.163

II
i ~8 0. 352 ,

lo

15 1.45

20 2.26

25 2.95

30 3.49

35 3.82

40 3.97

45 4.01

50 3.97

55 3.84

60 3.54

80 2.54

100 1.90

150 1.08

200 0.640

250 0,338

300 0.202

400 0.1i

500 0.0785

700 0.0455

I~ ~ ~ ~ ~ ~ ~ ~ ~~~~~.... ;_________________________________



I 49

N ' ,

/ TTr•-VT 1 HV
LL

$-

- (-to~i - -. - 0 r

S- _j i ' 11 1
I I z

- II l I I I I - w•L

o o -2•®• •• • T •• • •-•

o 0 - -

~ III NOD

-1 ~ II

co~~- w in0 w T t o o an in -

UJ M- AIA1131--MD -M83H.

i'll I I Fm



50

K9 (8 )

where CV is the molar heat capacity, vs the sound velocity, and V the molar

volume, and Z, the mean free path. In the temperature range where (8) holds,

vs and k are essentially constant, so that K varies with T in the same manner

as CV, According to the preceding section, in this regime, CV (12r 4 Nk/5 63 )T3

)3
so that K T3.

The data of Ref. 57 were found to be consistent with Eq. (7) for tempera-

tures above the maximum in K. The results below 20 K were fit to Eq. (8) with

a mean free path of 30 microns. However, the 0 value of 510 K required for a

fit to the experimental K is well below the e value of 580 K used to fit the

heat capacity result.

All data exhibit a kink in the vicinity of the Neel point. This may be

ascribed to the fact that the lattice symmetry and dimension change slightly

in the transition, thus altering the Debye temperature e, and thereby, CV"

Furthermore, as will be seen shortly the mechanical properties of the lattice
iN

are also changed as the samples are heated through the Neel point; hence v-

changes as the magnetic order is altered. Both factors affect K in the manner

depicted in Fig. 6.

The provisionally recommended curve coincides with the data of Ref. 57

for T < 20 K and Ref. 55 for T > 20 K, as being representative for annealed

single crystals of NiO. It should be clearly recognized that much more ex-

perimental work must be accumulated in the cryogenic temperature range before

a reliable trend in the low temperature thermal conductivities can be estab-

lished.

The measurement information for these experiments is provided in Table

15, and the tabulation of measurements is assembled in Table 16..1

-' il

41 _ _ _ _ _ _ _ _ _------------__
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3.5 Elastic Properties

Since only one set of measurements is available over a wide range of'

temperature, these must serve as provisional recommended values; smoothed

values are assembled in Table 17.

A variety of elastic constants are plotted in their dependence on tem-

perature in Fig. 7; these measurements were obtained on single crystals.

As is seen, the experimenters report discontinuities or anomalous thermal

variations near the N6el point for all elastic constants save C4 4. The

anomaly is to be expected since the second order transition is associated

with magnetostriction effects which alter the structure and mechanical

characteristics of the lattice. It is of interest that for some of the

elastic constants the anomalies occur over a considerable temperature range

well below the temperature TN for which the heat capacity anomaly reaches

its maximum value; this shows that structural relaxation effects begin to

"be noticeable before the total disappearance, on heating, of magnetic order-

ing effects.

Measurement information on elastic constants is assembled in Table 18

and the literature data are compiled in Table 19.

Young's modulus Y is shown as a function of temperature in Fig. 8. Of

the two measurements the lower set is suspect because these measurements were

carried out on untreated powdered specimens. The upper curve represents data

taken on polycrystalline, sintered samples and is provisionally recommended.

The recommended values are listed in Table 20; measurement information and

literature values are exhibited in Tables 21 and 22 respectively.

"Ii *

-. r TA



__ _ _ __ _ _ _ . n

S! 54

A TABLE 17

PROVISIONALLY RECOMMENDED VALUES FOR VARIOUS SETS OF

NiO IN THE RANGE 4-710 K

ELASTIC CONSTANT, 1012 dyne/cm -2

1 1 ~ 1
Temperature, K (CII - C12 ) .CII + 2C12 ) (CI+C12+2C44, C44

4 - 1.430 - --

50 -- 1.430 - -

70 0.450 - 2.683 1.088

100 0.455 1.428 2.680 1.086

150 0.468 1.422 2.680 1.086

200 0.502 1.412 2.682 1.088

250 0.558 1.387 2.685 1.093

300 0.650 1.352 2.690 1.095

350 0.780 1.308 2.684 1.097

400 0.905 1.268 2.680 1.099

450 1.013 1.244 2.694 1.100

470 - 1.257 2.708

480 - 1.300 2.755 -

490 - 1.520 2.945 1.105

500 1.082 1.544 3.010 1.113

510 1.093 1.525 3.022 1.126

520 1.135 1.469 - 1.135

550 1.270 1.407 3.026 1.147

600 1.343 1.405 3.029 1.161

650 - 1.407 --

670 1.345 3.031 1.186

710 - 1.409 --

- I
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ELASTIC CONSTANTS OF
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TABLE 20

PROVISIONALLY RECOMMTENDED VALUES FOR YOUNG'S MODULUS

OF NiO IN THE RANGE 295-595 K

Temiperature, K Young's Modulus, 10H dyne/cm2

295 90

320 9.08

340 9.09

360 9.10

380 9.14

400 9.20

420 9.27

440 9.38

460 9.56

480 9.90 F
500 10.68

515 12.24

520 14.00

IN520 24.18

525 24.48

540 24.00

560 23.24

580 22.36

595 21.66

tI

-:I
Af4-
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3.6 Thermal Expansion

The thermal properties of a crystal are generally characterized by the

coefficients of thermal expansion of the material. These may be specified

in two ways:

The instantaneous (linear) coefficient of thermal expansion is defined

by

Z - j ) p (8)

where . is the length of the specimen along a given direction and T the

absolute temperature; as shown by the formula, the measurements are taken

at constant pressure. The mean coefficient of thermal expansion is defined

by

""tM T-, T - To (9)

where Z is the length of the specimen along a given direction at a reference

temperature To, and X is the length at some other absolute temperature T.

)1 It is common practice to set To 298 K, i.e., to refer all measurements
*.1 of Z to the prevailing value, to$ at room temperature. As is implied by the

wording, Eq. (8) provides information concerning the expansion properties of

the material at temperature T, whereas Eq. (9) represents a quantity which

is averaged over the temperature range IT - Tol.

As is well known, the coefficient of linear expansion is proportional

to the molar heat capacity at constunt volume, CV, through the relation

YCv/3BV (10)

where y is the Griineisen constant, B is the bulk modulus, and V the molar

volume of the solid. This proportionality is found to be quite well satisfied

for cubic crystals.

. .......
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:I The provisionally recommended values for both aI and a.m are cited in

Table 23. For T < 600 K, aI was taken from Curve 2; while at higher tempera-

tures a, was calculated from the am values of Curve 4, by converting the data,

represented by Sq. (9), so as to conform to Eq. (8). The two portions of

the curve were smoothly joined in the region near 600 K. The recommended

atM values were then obtained by the inverse process of treating the recom-

mended aI curve, subject to Eq. (8), so as to assume the form demanded by

Eq. (9) with To = 298 K.

The original data sets and the recommended values ire plotted in Fig.

9. Measurement information for the determination of ai or of aM is provided

in Table 24. The tabulation cf the experimental data is shown in Table 25.

One should note that Curve 3 has been ignored in setting up the recom-

mended curves. This was done on the basis that according to Eq. (10), aI

should follow the heat capacity anomaly, exhibited in Fig. 5, which is asso-

ciated with magnetic ordering effects near 523 K. These effects show up in

Curve 2 but riot in Curve 3. Apparently, complications arise in the conversion

of lattice parameter data to linear thermal expansion coefficients. Below

the Neel point, NO undergoes a rhomtohedral distortion, so that it is not

really correct to characterize the unit cell dimension by a lattice parameter

appropriate to the cubic phase of NiO which prevails only above the Neel point.

These difficulties are avoided in the direct dilatometric measurements reported

in Refs. 17 and 46.

II
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TABLE 23. PROVISIONALLY RECOMMI4ENDED VALUES FOI MEAN AND INSTANTANEOUSCOEFFICIENTS OF THERMAL EXPANSION OF NICKEL OXIDE NiO

•;• a, lO"6 K-l

Temperature. K Instantaneous AL/L o(%) Mean

A

80 3.05 -0.1463 6.71

100 3.90 -0.1394 7.04

200 7.17 -0.0840 8.57

298 9.98 0.0000 -

300 10.04 0.0020 10.00

400 13.25 0.1184 11.61

420 13.96 0.1457 11.94

i 440 14.72 0.1743 12.27

460 15.54 0.2046 12.63

480 16.52 0.2367 13.01

500 17.80 0.2710 13.42

520 21.15 0.3100 13.96

525 21.90 0.3207 14.13

540 15.00 0.3484 14.40

560 13.78 0.3772 14.40

580 13.48 0.4044 14.34

600 13.35 0.4313 14.28

" 620 13.31 0.4579 14.22

640 13.35 0.4846 14.17

700 13.53 0.5652 14.06

800 13.86 0.7022 13.99

900 14.25 0.8427 14.00

1000 14.71 0.9875 14.07

"1100 15.21 1.1371 14.18

S1200 15.75 1.2919 14.32

1300 16.48 1,4531 14.50

1400 17.00 1.6205 14.70
f 1500 17.88 1.7949 14.93

1600 18.52 1.9769 15.18

•; 1700 19.35 2.1662 15.45
1800 20.20 2.3640 15.74

ell 1900 21.15 2.5707 16.05

2000 22.14 2.7872 16.38

2100 22.98 3.0128 16.72

2200 24.28 3.2491 17.08
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