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PREFACE

The study consisted of measuring the thermal con-
ductivities of three undoped and two nickel-doped samples
of potassium zinc flueride which were grown by the author
in the Oklahoma State University crystal-growing laboratory.
Thermal conductivity measurements were taken on three
different apparatusks, each providing data in a different
temperature range from 0,42 to 200 K. The perovskite
potassium zinc fluoride is a diamagnetic insulator which
provides an ideal host lattice for the study of para-
magnetic impurities and dopants. The results were
analyzed in terms of the Debye~Callaway model which
incorporated relaxation times resulting from boundary,
isotope, and phonon-phonon scattering.

The author wishes to express his appreciation to his
ma jor adviser, Dr., Joel J. Martin, for his guidance and
assistance throughout this study. Appreciation is also
expressed to the other committee members, Dr, Elton E.
Kohnke - Chairman, Dr. George 8., Dixon, and Dr. Roger Je
Schoeppel, for their assistance in the preparation of the
final manuscript.

Finally, special thanks are expressed to my wife,

Sandra, who proofread and typed the manuscript.
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CHAPTER I
INTRODUCTION
Purpose of Investigation

The diamagnetic perovskite potassium zinc fluoride is
an inorganic fluoride compound that has received very
little attentions therefore, many of its properties are
unknown or unconfirmed, For a better understanding of its
physical properties, the thermal conductivities of undoped
and nickel-doped ‘potassium zinc fluoride were measured over
a wide temperature range. These measurements provided a
means of studying the phonon-scattering mechanisms
predominant in undéped and doped single crystals eof
potassium zinec fluoride. Because it is diamagnetic and has
a high order of symmetry, potassium zinc fluoride makes an
excellent host lattice in which paramagnetic ions can be
substituted for the zinc ions, thus providing a means of
studying the spin-phonon interaction by thermal conduc-
tivity measurements., The results of these measurements

were analyzed using the Debye-Callaway model.

Properties of Potassium Z2inc Fluoride

A method that has been used successfully for growing

potassium zinc fluoride and the one by which the samples in



this study were grown is the Bridgman-Stockbarger method in
which a stoichiometric mixture of potassium fluoride and
zinc fluoride is combined at a high temperature. This and
other methods have been used successfully for synthesizing
potassium zinc fluoride (1-12)., Since potassium zinc
fluoride is an "allowed perovskite" according to the
tolerance factor formula (8-12), methods and techniques
used for other potassium metal fluorides should produce
single crystals (13-23).

Recent x-ray crystallographic studies (1-5, 8, 9, 24)
show that potassium zinc fluoride has a cubic perovskite
structure with one molecule per unit cell and a lattice
constant of M.OSME (24), This structure is shown in
Figure 1, It has a symmetry space group of Oi. pm3m. How-
ever, some earlier studies (10, 11) claim a tetragonal
structure, which appears to be an erroneous conclusion,
possibly because of sample impurities or distortions in
the lattice as a result of synthesizing techniques,

The elastic constants Cyyr Cyp and C)) have been
determined (24) from the room temperature velocity of
sound measurements., The calculated elastic constants are

11

Ciy = (13.45 £ 0.05) x 10 dynes/cm2

C = ( 5,27 *+ 0,05) x lO11 dy‘nes/cm2

12
11

Cyy = ( 3.81 % 0,02) x 1071 dynes/cm®

using a density of 4.024 + 0,001 grams per cubic centimeter.

Gesland et al, (24) also calculated an adiabatic compressi-

12

bility of (1l.25 = 0.02) x 10~ cmz/dyne and an anisotropic
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parameter of 0,93 = 0,02,

Because pure potassium zinc fluoride is diamagnetic, it
is suitable as a base material for doping with magnetic
ions at various concentrations. These magnetic ions are
substituted into the lattice in place of the zinc ions
during growth; and if the tolerance factor is favorable,
this substitution can be made in any proportion. The two
dopants studied to date in potassium zinc fluoride are
nickel (3, 4) and manganese (10, 12, 25-27)., More inten-
sive studies of magnetic ion doping have been in the
related compound potassium magnesium fluoride where transi-
tion metal ions (28, 29) and rare-earth ions (13) have been
used., Paramagnetic color center defects have also been
produced in potassium magnesium; fluoride by irradiation
(30, 32).

Electron paramagnetic resonance is an important tool
in identifying the magnetic impurities in nonmagnetic host
lattices and was one of the methods used to characterize
the samples in this research, The electron paramagnetic
resonance of potassium magnesium fluoride, which has
magnetic and physical properties similar to those of
potassium zinc fluoride, doped with various magnetic
impurities has been measured extensively (13, 19, 33); but
the only reported work on potassium zinc fluoride is by
Kappers and Halliburton (34).

Optical absorption studies on undoped and doped

potassium zinc fluoride have been carried out in detail



(8, 35). This was another method used for characterizing
the samples, Because of the use of magnesium-doped
potassium zinc fluoride in cathode ray tubes, considerable

information is available about its fluorescence (10, 12,

35).



CHAPTER 1II

THEORY OF THE THERMAL CONDUCTIVITY
OF INSULATORS

In an electrically insulating dieléctric crystal, the
heat is transported by elastic waves or phonons. If the
phonon distribution is not in equilibrium throughout the
solid, a net flow of heat results, giving rise to thermal
conduction., An exact calculation of the thermal conduc-
tivity, A, in a crystal lattice would be theoretically
possible if the entire phonon spectrum and the anharmonicity
of the lattice forces of the crystal were completely known
in detail. Although the phonon spectrum is known for many
materials, there is very little known about the lattice
force anharmonicity. Therefore, a theoretical calculation
of the lattice thermal conductivity which would give exact
results is impossible, As a result, numerous models have
been developed for calculating approximate values to
explain quantitatively the experimental data. Reviews of
the theory of thermal conductivity in solids have been
given by Klemens (36, 37) and Carruthers (38).

The first realistic expression for the thermal
conductivity in a solid was derived by Debye (39). After

assuming a "phonon gas," one can derive an expression for



the thermal conductivity, A, by making an analogy to the
kinetic theory of gases, giving

A = % cv/ [1-a]
or, using = v,
= lg 2
=3 v [l-b]

where C is the specific heat of the material, v is the
velocity of sound in the material,.ﬁ is the phonon mean-
free-path, and T is the phonon relaxation time between the
various scattering processes, One of the assumptions made
in the derivation of Equations [1-a] or [1-b] is that the
heat is flowing through a perfect crystal that is
infinitely long with ideally rough walls. Also, all the
phonons are characterized by one frequency.

In 1929, Peierls (40) gave the first rigorous treat-
ment of thermal conductivity by quantizing the lattice
waves to include the entire phonon spectrum which trans-
ports the heat, A summation over all normal modes is
taken, giving

V=350 @ VT - [2]
where the index (w is the phonon frequency. Klemens (36, 37)
derived an integral form of Equation [2].

r=slcWYTWaw [3]
Assuming that the phopon spectrum can be characterized by é
Debye distribution of limiting frequency(uD and using the
definition of the specific heat, Equation [3] can be put

into the form



N /ﬂnnir,)ﬁgﬂﬂ oPuy/kT 2w (4]
i kr2  (eNYKT | g)2

where k is the Boltzmann constant and A is Planck's con-
stant divided by 27, In using the Debye model given above,
various assumptions are made. 'First, it is assumed that a
Debye-like phonon spectrum can be used, Through the use of
an appropriate average value, this assumption neglects the
effects of dispersion and anisotropy. Also, an average
velocity of sound, which is constant for all frequencies
and temperatures, is assumed., Polarization is not con-
sidered as a factor entering into the calculations.

The major problem in solving Equation [4] for a
particular material is determining what form of relaxation
time should be used., There is no one form of the relaxa-
tion time that can be used for all materials at all
temperatures. The relaxation time,qr, depends upon each
scattering mechanism present in the material, and the
mechanism which is predominant at one temperature may be
an insignificant scattering mechanism at a different
temperature, Any physical or chemical impurity or imper-
fection in the crystal lattice will change the phonon dis-
tribution by acting as a scattering mechanism énd will, in
turn, greatly affect the thermal conductivity, which is
dependent upon the predominant relaxation time for the
temperature under consideration. Some of the dominant

scattering mechanisms are boundary, point defect, umklapp,



dislocation, and resonant scattering., These processes are
all characterized as nonmomentum-conserving processes;
therefore, they can result in a net resistance to the flow
of heat within a material,

Klemens (41, 42) argued that each scattering process
is completely independent of the others;y therefore, by
using individual relaxation times, he calculated
separately the thermal conductivity resultinglfrom each
process, This greatly reduced the mathematical difficul-
ties in solving Equation [3]. Thus, one can determine the
thermal resistivity resulting from each scat%ering mechanism
by taking the inverse of its thermal conductivity, which was
calculated from Equation [3]. The total thermal resistivity
would then be the sum of the contributions resulting from
each scattering mechanism, The total thermal conductivity
is then the inverse of the total thermal resistivity. The
resultant calculated thermal conductivity in many cases does
not correspond accurately to the experimental data for large
temperature ranges, The primary problem with this theory is
that although the scattering mechanisms are independent,
each relaxation time has a different frequency dependence
which can change the phonon spectrum in a particular manner.,
If this change in the phonon spectrum is not considered in
the thermal conductivity integral for the other scattering
mechanisms, then the calculated thermal conductivity will be
too high. Assuming temperatures much below the Debye tem-

perature, T << 9D, Klemens derived the thermal conductivi{y
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integral for each of the most dominant scattering

mechanisms,
Debye-Callaway Model

A more mathematically rigorous approach to deriving a
thermal conductivity relation is to begin with the Boltz-
mann transport equation (36, 42-45), In the derivation, an
integral equation is derived which must be approximated.

The two standérd approaches are either to use trial func-
tions in conjunction with the variational principle or to
use a relaxation time concept. The more common approach has
been the relaxation time model developed by Callaway (45),
which has been successful to explain phenomenologically the
low temperature thermal conductivity data. The resulting

thermal conductivity integral is

k (k’l‘ BU%T xuex f% Tc 4y X }[ ]
A= e | 5 ———s dx + B = X ———s dx|| 5
2v o c (ex_l)z o Zﬁ (ex_l)z Rk

Z'fT h o)
where
8 Te  xMe*
T — % 5 dx
© Iy (e7-1)
B = Q L!’
;(% l—‘ 1 -AZE X ex dx
° ‘Zﬁ 'Z& (ex-l)2
and
L) )
X = 'E.i."o

6 is the Debye limiting temperature,ﬂfNis the relaxation
time resulting from the normal processes which indirectly

add to the thermal resistance, and‘t; is a combined relaxa-
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tion time found by the reciprocal addition of the relaxa-
tion times for all the different scattering mechanisms,

The second integral in Equation [5] results from the
inclusion of the nonresistive normdl processes in the total
effective relaxation time;’t;. This term adjusts for the
underestimate in the thermal conductivity calculated in the
first term. This ad justment, which results from considera-
tion of the normal processes, accounts for less than ten
percent of the calculated thermal conductivity at 200 K,
and its effect decreases rapldly as the temperature de-
creases; therefore, this term. is omitted in the present
calculations., The major contribution of Callaway's treat-

ment is the reciprocal addition of all the relaxation times

to get one total relaxation time Z;.

(AR )

Phonon Relaxation Times

Boundary Scattering

As the temperature of the crystal decreases, the
importance of the long wavelength phonons increases, The
phonon mean-free-path cannot increase without 1imit because
the thermal conductivity decreases as the result of colli-
sions with the crystal's walls; therefore, below the thermal
conductivity maximum, the long-wavelength phonons begin
scattering off the crystal's boundaries and become the

dominating factor in the thermal conductivity of the crys-
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tal, Casimir (46) first derived the relaxation time

resulting from diffuse boundary scattering as
-1 v
’Zg =T L7]

where v is the velocity of sound in the crystal and L is an
effective sample diameter which is dependent upon the sam-
ple'’s geometry and surface roughness. For a "perfectly

rough" and rectangular sample,
-1 i
L= 2n"% (4 4,)7 L8]

where.ﬁl and Z% are the dimensions of the sample's cross
section perpendicular to the heat flow with the assumption
that the crystal is long compared to either,ﬁl or_ﬂz. If
the sample is not "perfectly rough," specular reflections
of the phonons occur which increase the phonon mean-free-
path, resulting in an increase of the measured thermal
conductivity. Berman et al, (47) have defined a "rough-
ness" factor and have experimentally verified Casimir's
relation for various "roughnesses" of the sample's surface,
A "perfectly rough" surface can be obtained from chemical
etching, sand blasting, or using sandpaper, giving a roeugh-
ness factor of unity., If the sample's length is of the
order of its other dimensions, then a correction fer re-
flection off the crystal’s ends must be made (47); At low
enough temperatures, when all the phonon mean-free-paths are
comparable to the sémple's crogs~-sectional dimensions, the
relaxation time is usually entirely limited by the boundary

scattering, which is temperature and frequency independent,
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The thermal conductivity curve for these temperatures will
have a slope of 'I‘3 resulting from the temperature dependence
of the specific heat.

Other scattering mechanisms are known which also give
a 'I‘3 dependence at low temperatures, such as grain bound-
aries (48), bubbles (49), clusters (50), colloids (51-53),
mosaic substructures (54), and possibly certain types of

magnetic impurity scattering (55-57).

Point Defect Scattering

The chemical impurities and physical imperfections in
the crystal lattice have a major effect in determining the
height and shape of the thermal conductivity curve. If the
defects have an effective diameter which is small compared
to the phonon wavelength, they are classified as point
defects., A point defect affects the thermal conductivity
because it disturbs +the periodicity of the lattice in
three ways: the defect will have a different mass than
the atoms of the host lattice; there will be a change in
the force constantsy; and there will be a change in the
nearest neighbor distance (41)., Point defects, if randomly
distributed, result in a Rayleigh-type scattering of the
phonong, Klemens found that the form of the relaxation

time is

3 §
77"1 = A [9] where A = & r;. [10]
PD _ Yy

Various forms of [ have been suggested (37, 38), one of
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which is (58)

2 2
M. f. R

where & is the cube root of the atomic volume; v is the

r=

™M

i

velocity of sound in the materialj; Xy is the fractional

concentration of the ith

impuritys AMi is the difference
between the atomic mass of the ith point defect and the
average atomic mass, M, of the lattice;Ain is the
difference in the force constants with fi the force con-
stant for the ith point defect and f the force constant for
the lattice atoms;llRi is the difference between the nearest

neighbor distance of the ith

defect and the nearest neighber
distance of the lattice atoms, R; and ¥ is the Griineisen
anharmonicity parameter. An exact calculation of [ is
impossible since detailed knowledge of the force constants
and the anharmonicity of the lattice are not known., The
first term in Equation [11] involving mass difference can,
however, be approximated for the case of isotope point
defects. Pomeranchuk (59), using perturbation theory, was
the first to attempt to calculate the effect of the
scattering of the phoﬁ;ns by the variation in the mass as
the result of isotopes in the lattice., Klemens (41)
modified Pomeranchuk's result by a numerical constant,
Carruthers (38) and Klein (60) also contributed modifica-
tions to the form of the point defect scattering relation,
Slack (61) modified Klemens' result so that it may be

applied to compounds containing isotopes of many elements.
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For a compound with the general form AxByCz"" the form of
Equations [9] and [10] still holds, but the form of the

first term in Equation [11] becomes

2
M M
X A Y. B "
].—": z X+y“+z+oo‘o (%) I_\A + X+y+z+ooo (%)I—\B t e [12]
where
C WAL
= Z ‘. —
A i fl ﬁA peeee [13]

MA and MB are the masses of the isotopes of the atoms of
types A and B respectively, EA and ﬁé are the average masses
of these atoms, and M is the average molecular mass defined
as

xM, + yMB + eee [14]

M= X+ YT oo

The relaxation time calculated for Rayleigh scattering from
point defects, as determined by Equations [9], [10], and
[12], when added to the various other appropriate relaxation
times will always give larger calculated thermal conduc-
tivities in the maximum region than would be experimentally
determined; however, the results are qualitatively correct
and give good estimates, If precise fits are required,

then the coefficient A is increased until a phenomenological
"fit" 1s obtained., This relaxation time is strongly fre-
quency dependent and is temperature independent., This
affects primarily the peak region; the more point defects
present, the lower the peak thermal conductivity becomes,

This lowering is approximately symmetrical about the thermal
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conductivity maximum and disappears at both the lower and

the higher temperatures.

Phonon-FPhonon Scattering

Above the thermal conductivity maxiﬁum, the effects
resulting from the physical and chemical iﬁperfections in
the erystal lattice become less effective in influencing
the shape of the thermal conductivity curve. , The dominat-:
ing processes become the phonon-phonon interactions. For
the three phonon-scattering processes; the phonon-phonon
relaxation time can be treated theoretically with reason-
able accuracy only for +the very simplest special céses.

The mathematical calculations are extremely difficult even
for the special cases in which the detailed phonon spectrum
is known. Therefore, a phenomenological relaxation time is
usually employed for representing an average phonon
scattering. As a result, many different forms representiﬁg
the relaxation time have been suggested,

For umklapp phonon-phonon interactions, u-processes,

Callaway (45) used the form

/Zb-l _ Bquuze-e/aT [15]

where a is a constant integer, usually about 2, which
depends'dn the dispersion in the vibrational spectrum of
the material and Bl is a fitted parameter. Another form
uged by Berman and Brock (62) is

-1 2 2 -8/aT
= B,T%Se . [16]
ZU 1
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Klemens has used various forms (36)

7}"1 = BlT3w2e‘e/aT [17]
-1 -8
T - B, 1% ?/27 [18]

and in the long wavelength limit

-1

’ZB = BlTu) for T > © ' [19]
T -1 _ BlT-lwe-e/aT for T << 6 [20]
U

and for high temperature (36)

7 7t = Bt [21]

U
The form that "fits" the data presented in the present work
was originally obtained semi-empirically by Slack and

Galginaitis (63):

771 = yrfent/el, [22]

U
Although Bl will be determined using a computer curve fit
of the experimental data, Slack and Galginaitis (22) give

the semi-empirical expression with Bl as

2
Bl = —-ﬁz—; [23]
mav

where m, is the average mass of a single atom in the solid,
At high temperatures where the umklapp processes are pre-
dominant, the thermal conductivity curve usually follows a

-1

T dependence.,

The three phonon normal processes are the only phonon-
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phonon interactions which conserve momentum. They cannot
cause a thermal resistance directly, but they do influence
the thermal conductivity by transferring momentum from one
part of the frequency distribution to other frequency medes
which have already been depleted by isotope scattering (64),
Thus, additional phononé are available to be scattered by
the impurities, resulting in a 1owefing of thermal conduc-
tivity in the peak region where isotope scattering is pre-
dominant, The effect of the normal processes on the thermal
conductivity is a formidable theoretical problem. To
incorporate a relaxation time resulting from normal proe-
esses into Callaway's theory, one must determine its form
on a phenomenological basis, However, Herring (65) has
given some semi-empirical arguments as to the various forms
which could be used for various conditions and different
types of phonons, longitudinal or transverse, and for the
various temperature ranges. Holland (66) gives a list of
some c¢f the forms used, The form which fits the data in the

present calculations is

=t = B 1f [24]

N

where Bz is a "fitted" parameter. The total relaxation

time as a result of three phenon-scattering processes is
-1 -1

Too =T, T B [25]

N

Dislocation Scattering

If the crystal lattice has a substantial number of



19

dislocations, an additional relaxation time must be con~
sidered for explaining the experimental‘dafa. The general

form for the dislecation relaxétion time is

17‘“1 = YW [26]

D
where Y is a constaht which 1s proportional to the disloca-
tion density. Three authors, Klemens (36), Carruthers (38),
and Ohashi (67), have developed empirical relations for the
form of Y« From a "fit" of the experimental data, an
estimate of the dislocation density can be obtained. The
temperature dependence of the thermal conductivity, which
is characteristic of dislocation scattering, is a 2

dependence between the low temperature side of the peak teo

the regien where boundary scattering becomes predominant.

Resonant Scattering

When the phonon energy is equal to the interlevel
spacing of a system, such as paramagnetic ions in a non-
magnetic host lattice, a resonant scattering of the phonons
may occur., One result of this type of scattering is the
production of an indentation or dip in the thermal conduc-
tivity curve which has a resonance frequency Wy associated
with it. One empirical form of the resonmant relaxation
time suggested by Pohl (68) to fit his thermal conductivity
data on potassium chloride containing small concentrations

of potassium nitrite is_
S | !AéL? |
- (a%z ~ w22 4

22 2 - [27]
é) w W,




20

where Ar is a fittedvparameter and A describes the‘damping.
This teﬁperature independent form gives good fits teo the
thermal conductivity having dips below the maximum this
usually occurs for polyatomic impurlty centers. For dips

above the maximum, Walker and Pohl (57) used the form

T, =73 2.2 ., [8\2,. .2 2
@ -whE ﬂ) W, w

which is temperature dependent, This form is usually
required for monqatomic impurity centers, Variations (57).

of Equations [27] and [28] are

- 2 2
-1 Ar-(“)2 ‘ T -1 ATW [29]
T, " =33 and r =TT 303
(cu0 -wW7) (wo -Ww*)

Spin-Iattice Relaxation

In paramagnetic non-Kramers ions, it 1is possible to
have a spin-lattice relaxation process; Two possible
mechanisms are the "direct" process and the Raman process,
In the "direct® process, a single phonon of energy equiva-
lent to that of the splitting between the spin state of
the ion is absorbed and subsequently re-emitted in an
arbitrary direction, resulting ihhan increase in the thermal
resistance, For this preocess to have any considerable
effect on the thermal conductivity, the splitting energy,
k/\, with & expressed in Kelvins, must be such that it
absorbs +the dominant heat-carrying phonons. For small
splittings, the thermal resistance resulting from direct

processes will become important at very low temperatures,
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If there is phonon scattering as a result of phonon-induced
transitions between the two levels |a> and | > of a non-
Kramers ion, then the relaxation time which must be added
to those previously given is (69)

-1

)
T. ==x

2 W
. — g(w - w,) ONg [30]

Pv

<a|V0|b>

where P is the density, g(Ww - u%) is the line-shape function
for the spin packet, ANS is the spin population difference
per unit volume between the two states considered, ﬁu% is
the energy separation between the states, and v, is the
coupling operator. Summing over all the possible transi-
tions between the ground state and the excited multiplets
and summing over all the spins present will give a total
phonon relaxation time resulting from direct processes,

Morton and Lewis (70) give the results as

Z’—;/
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where the suffix t is the index which represents the !

multiplet, f.(u%t - C%t) is the fraction of spins which ¢an

possibly have a transition to another state, and

1-- exp (=hw) /kD)
Pl T) = 3 - 5 exp (tﬁg%t/kTS [32]

is the population difference factor. For frequencies
w<kT/h, Equation [31] is frequency independent. Fox et al.
(71), making the approximation of the frequency times the

relaxation time for thermal equilibrium to be established
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with the ground state, derived a form for Equation [30] of

7@5-1 < [1 M G E9) L } [33]

=1 2T 2T/ 2+ exp (T_/T)

where L is the mean-free-path resulting from boundary
scattering, To deseribes the separation of the multiplet
from the ground state, and Ad is a proportionality con-
stant, |

Another form for the relaxation time for spin-phonon
interactions associated with direct processes is given by

Fox et al. (72)

’Z‘f-l = (NAd) [ <“)’l;.evel J [34]
a T ( ) |
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vel
where N is the magnetic impurity concentration, Ad is a

proportionality constant, andZ:

Level is the spin-lattice

relaxation time for the multiplet levels., For direct
-1

Level

dent of temperature and frequency, which will result in the

processes, is proportional to T, making Ty indepen-
thermal conductivit&"s having the boundary scattering type
dependence of TB.

The Raman process is a two-phonon process where the
initial phonon energy is larger than that of the level
splitting. A portion of the initial phonon's energy is
absorbed, leaving a phonon of lower energy. A phonon of
energy equal to that of the level splitting is then
re-emitted in a random direction. This process involves

all the phonons in the phonon spectrum of energy larger
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than k/A, If the splitting energy, k4, is much less than
kT, the energy of the most abundant phonons, then the Raman
process will be dominant over the "direéct" process, Orbach

(73) gives the phonon relaxation time of

T - -]%A)Z] | [35]

where S is the spin value of the magnetic’ ion, f; is a

hoze
12ﬂ(3v7 -

phenomenological coupling constant, and Nv is the number of
spin impurities per unit volume, At high temperatures, the
relaxation time is proportional to(ﬁh; which results in a
scattering with the same frequency and temperature depend-

ence as point defect scattering,

Dipole Scattering

Another phonon-scattering mechanism which must be con-
sidered in some cases is scattering by dislocation dipoles
which, at low temperatures, lowers the thermal conductivity.
Moss (74) gives the form of the relaxation time as

T =7 sty %E / [36]
DD D
where’ZB is the relaxation time resulting from dislocation
scattering and d is the vector joining two dislocations.
The temperature dependence of the thermal conductivity

resulting from dipole scattering is proportional to T.

Combined Relaxation Time

When using Eaquation [ 5] to obtain a computer fit of

the thermal conductivity experimental data from room tem~
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perature down to liquid helium temperature, the relaxation
times for boundary, isotope, and phonon-phonon scattering
must always be included in the total relaxation time.
Other relaxation times, as already discussed, may be re-
quired depending on the chemical and physical impurities
and imperfections present. The shape of the curve will
indicate which additional relaxation times are needed.

The form of Equation [6] will be

A4-=1 -1 + 1 + =1 +
Combined Boundary Isotope Phonoen-Phonon
=1
a11 Othersl [37]

Lattice Thermal Conductivity Above the

Thermal Conductivity Maximum

For temperatures above the thermal conductivity
maximum where the thermal conductivity is proportional to
T;l, the only important scattering mechanism is the
phonon-phonon interactions., Leibfried and Schlémann (75)
developed a model for treating the acoustical-acoustical
three=phonon scattering in terms of the thermal resistance
resulting from anharmonic terms in the three-phonon inter-
actions. The Leibfried and Schlomann relation was modi-
fied by Julian (76), who made a correction in the numerical
coefficient, and by Steigmeier and Kudman (77), who modi-
fied the form by replacing the Gruneisen parameter, ¥, with
(¥+ 0.5), Roufosse and Klemens (78) reformulated the

Leibfried and Schlomann relation for a lattice with ene
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atom per unit cell and obtained the same relation for the
thermal resistivity only a factor of 6i8*larger. The

resulting thermal cohductivity relation is

21/3 3 : ‘
-l X v 02 8 -
SR EGE T [38-2]

A

where a is the lattice corstant, M is the mass of a unit
cell, and 6 is the Debye temperature., The Debye tempera-

ture can be calculated by the relation

o =BT (6n?)L/3 [38-v]

where v is the average sound velocity within the crystal and
V is the volume of a unit cell, The average sound velocity
is calculated by averaging the transverse (Vt) and

longitudinal (Ye) sound velocities using the equation

i_1/2 1}
voo3vy ) [38-c]



CHAPTER III
EXPERIMENTAL PROCEDURE
Growth Apparatus

The undoped and nickel-doped samples of potassium zinc
fluoride used in this study were grown in the Oklahoma State
University crystal-growth laboratory by a modified Bridgman-
Stockbarger method. The basic principles of this method
were developed by Bridgman (79) and refined by Stockbarger
(80, 81), Figure 2 is a schematic of the main components
of the Oklahoma State University apparatus:s inner
crucible, outer cruecible, furnace, heat sink, and a method
of controlling the growing environment., The crystal boule
was grown in a high-purity graphite inner crucible. The
outer crucible was a ceramic tube of Coors Mullite and was
used to enclose thg graphite crucible., By using the valves
indicated in Figure 2, one could control the crystal's
environment, Also shown is a compound Bourdon tube
pressure gauge which monitored the pressure up to two
atmospheres above and one atmosphere below atmospheric
pressure. A guick disconnect fitting connected the ceramic ¢
tube to the argon gas and pumping systems. This quick
diseconnect fitting also served as a safety feature in that

if the pressure inside the ceramic tube increased over two
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atmospheres, the vacuum system was lifted off the tube and
the pressure was released, Initially the furnace was in its
lowest position when the bottom of the inner crucible was in
the hottest region, This furnace was constructed so that it
could rise at a constant speed sweeping a large temperature
gradient of 20 to 50 degrees per centimeter from the lowest
portion of the inner c¢rucible to the highest, The heat sink
was a solid piece of graphite which thermally® connected the
bottom of the inner crucible to the inner wall of the
ceramic tube. The closed end of the outer crucible was then
placed into thermal contact with a heat leak which removed
the heat of solidification from the system, thus giving the
proper temperature gradient within the crucible during
growth (82), C, T. Butler (82) gives a detailed discussion
of the Oklahoma State University Bridgman-Stockbarger

apparatus and a summary of the growth theory.
Growth Procedure

The procedure developed for growing the large single
crystals of undoped and doped potassium zinec fluoride used
in this study is substantially different from the one
previously employed at Oklahoma State University. The
previous procedure resulted in small crystal boules that
contained large bubbles throughout. These types of samples
are unacceptable for thermal conductivity studies, which
require large, pure, and bubble-free samples, The differ-

ences between the two procedures are the growth temperature
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and the method by which the system is flushed of undesirable
gases, such as water vapor., The growing temperature was
changed to give larger crystals, and the outgassing pro-
cedure was changed to reduce the bubble content in the
crystal boules,

Undoped potassium zinc fluoride was grown from a
stoichiometric mixture of Optran zone-refined crystal
pieces of potassium fluoride and Optran zinc fluoride pow-
der which were mixed and placed into a graphite crucible

3

containing approximately 1 mm” of anhydrous ammonium bi-
fluoride, The graphite crucible, which was used in all
cases except one and which had an inside diameter of 1,25 cm
and a height of approximately 16 cm, was made from Ultra
Carbon Corporation grade UT-9 graphite., The ammonium bi-
fluoride decomposed at about 200 C, releasing hydrogen
fluoride gas which flushed some of the adsorbed water out
of the system, A screw cap containing a small hole to re-
lieve the pressure inside the crucible was placed on the
crucible, which in turn was placed into the ceramic tube,
The ceramic *tube was connected to the pumping system via
the quick disconnect fitting. This procedure was performed
as rapidly as possible in order to minimize the exposure of
the potassium fluoride to the air, thereby reducing the
amount of adsorbed moisture on this highly hygroscopic
compound. If the humidity in the room was high, then the
weighing of the potassium fluoride was done in a dry box.

The system was then pumped very slowly so that the escaping
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gases from the graphite crucible did not force any of the
starting materials through the small hole in the cap. After
a good fore pump vacuum was obtained, the diffusion pump was
activated. When the pressure was between 15 and 30 microns,
the furnace, which was in its lowest position, was turned on
with a set point temperature of 300 C and with a current
1imit of approximately six amperes., The furnace heated the
system to the set point of 300 C and was kept at this tem-~
perature with a diffusion pump vacuum for a minimum of eight
hours, After this initial outgassing period, the set point
was increased to a temperature of 750 C with a current limit
of 12 amperes, After approximately five hours, the set
point was increased to 1150 C and the current limit to 13
amperes. When this temperature was reached, the furnace was
moved past the graphite crucible at its maximum rate of 1.5
centimeters per hour, This allowed the entire crucib;e to
be outgassed as the highest temperature portion of the tem-
perature gradient swept past the entire length of the
graphite crucible, After the furnace had been allowed to
travel its maximum distance, it was reset to its starting
position, This was done in at least two steps so that

there was not a large thermal shock which would crack the
crucible, When equilibrium was again established after
about three hours, the pumps were valved off and the sys-
tem was flushed with argon gas, With a pressure of about
700 Torr of argon, equilibrium was again established. The

system was then ready to start the growth procedure,
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Therefore, the furnace was raised at a rate of 1.5 milli-
metefs per hour. After the furnace had traveled its full
length of 23 cm, it was shut down in three steps in order
to avoid cracking of the crucibless first the temperature
was reduced to about 750 C with a current 1limit of about
nine amperes; then it was reduced to 500 C with current
limited to 6.5 amperes; then the current was turned off.
When room temperature was reached, the system was again
flushed with argon gas; and the pressure inside the system
was brought to one atmosphere, The ceramic tube was then
removed., The boule slid out of the inner crucible when it
was tapped gently. Usually the bottom two-thirds of the
material removed from the graphite crucible was a single
crystal of potassium zinc fluoride, and the top one-third
was polycrystalline potassium zinc fluoride,

This procedure was used to grow sample K3. The nickel-
doped samples were also grown by this method except that 56
milligrams of nickel fluoride (anhydrous) from the Research
Chemical Corporation were added to the zinc fluoride powder,
It should be noted that it took at least ten days to grow

one crystal using the procedure described above,
Crystal Boule Descriptions

Through the use of the growth procedure previously
employed at Oklahoma State University, small crystal boules
weighing approximately five grams were obtained, These

crystals contained large bubbles throughout. During the
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modifications, large boules were obtained; up to 20 grams
for 32 grams of starting material, which contained fewer
bubbles, Boule number 062672, from one of the early
attempts, was very small and contained numerous small
bubbles throughout; sample K1 was cut from this boule.

Boule number 082572 was grown in a graphite crucible having
approximately three times the volume, 57 cm3. of the stand-
ard crucibles, The problems of crystal size were solved at
this point, giving 44.9 grams of crystal for a 96 gram
charge, but the crystal contained numerous bubbless however,
almoét all the bubbles were located in the lower one-third
of the crystal, Sample K2, which was very large and long,
was cut from this boule, The region where the thermometers
were placed on this sample was bubble free to the naked eye.
Boule number 010473, from which sample K3 was cut, was grown
by the procedure described in the preceding section. The
boule's single crystal portion had a wéight of approximately
20 grams with only a few bubbles in a region near the bottom
of the crystal, After it was cut, the sample appeared to
contain no bubbles. The two nickel-doped samples were cut
from boule number 011873, which was grown by the same pro-
cedure as sample K3, A nickel doping of 0.1l percent was
attempted. The resulting boule weighed approximately 15

grams,
Preparation of Samples

Although potassium zinc fluoride does not cleave
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easily, cleaving was attempted on a corner of each boule
until a cleavage plane was obtained., The blade of an

IMANCO Macrotome diamond saw was aligned with this cleavage
plane as a guide. The samples were cut into parallelepipeds
of dimensions given in Table I.

The samples were then hand lapped using a #600 grit
WETORDRY TRI-M~-ITE PAPER (Waterproof Silicon Carbide) and
methanol., This lapping produced a coarse surface which
should give diffuse specular reflection off the crystal sur-
face, thus producing the desired boundary scattering, After
the thermal conductivities of sample KN1 were measured from
l.1 to 200 K, it was annealed in a vacuum at a temperature
of 650 C for six hours and remeasuredj there were no

changes in its thermal conductivities.,
Characterization

In thermal conductivity measurements, it is important
to know as much as possible about the types and concentra-
tions of all the impurities present in the crystal samples,

The impurity specifications given by the manufacturer,
B D H Chemicals Ltd,, for their Optran-grade zinc fluoride
powder used in the starting material were 10 to 100 micro-
grams of cadmium and silicon, 1 to 10 micrograms of copper
and iron, and less than 1 microgram of arsenic, beryllium,
and magnesium for 1 gram of zinc fluoride., The concentra-
tion of these impurities in the single crystal, however,

was expected to be much less, as much as one-tenth less,
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DIMENSIONS OF SAMPLES

34

e E O EY
KL  KEnF;: undoped 12.5 3,27 2,64
K2  KZnFy: undoped. 38.2 bohs 3¢55
K3 KZnFB: und oped 16.8 2,84 2464
KN1 KZnFB: Ni-doped 12,5 2494 2,84
KN2 KZnFBs Ni-doped 20,3 L, ok 3.60
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than the values listed. Butler (82) states that electron
paramagnetic resonance shows the impurities of manganese at
ten micrograms per gram and of chromium and vanadium at
concentrations of approximately one microgram per. gram of
zinc fluoride.

The potassium fluoride was also supplied by BD H
Chemicals Ltd., It was zone-refined Optran-grade crystal
pieces with a purity of 99.999 percent. Reagent-grade
anhydrous nickel fluoride was supplied by the Research
Chemical Corporation (ROC/RIC). Although it was a minimum
of 98 percent pure, the impurities, primarily 0.10 percent
cobalt and 0,01 percent iron, were of no consequence since
only a very small quantity of nickel fluoride was used in
the melt, An iron concentration of 100 to 150 parts per
million was determined to be in the undoped and doped
potassium zine fluoride by the Oklahoma State University
Soil Test Laboratory, which used atomic absorption
spectroscopy.

Electron paramagnetic resonance measurements were made
on one undoped sample and two nickel-doped samples, The
undoped sample was cut from boule number 010473, The two
nickel-doped samples were cut from boule number 011873, one
from the end of the boule which was crystallized last and
the other from the other end of the boule. The nickel-
doped sample from the top of the boule was clear, and the
electron paramagnetic resonance showed a peak for the

nickel which was approximately three times stronger than
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that of the undoped sample; and the signal for the sample
cut from the center, which was yellow-green, was approxi-
mately six times stronger. All three samples showed strong
electron paramagnetic resonance signals for iron.

Optical measurements on the undoped and doped samples
showed a weak absorption in the nickel-doped samples at
415 nm with a width of 60 nm., There were no other peaks in
the visible or ultraviolet spectrum, The infrared spectrum

1

was scanned between 800 cm™T and 4000 cm™ ! with no peaks

observed,

Experimental Determination of

Thermal Conductivity

For a steady-state flow of heat through a solid having
a temperature gradient YT, the thermal conductivity, %, is
defined by the relation

Q=1VT [39]
where @ is the energy transmitted across unit area per unit
time, In the special case of a long, rod-shaped solid hav-
ing a uniform cross-sectional area, A, with the heat flow

along the long axis of the sample, Equation [39] becomes

P_,4ar
K—}\Ax [40]

where P is the power supplied to one end of the sample and
XX is the distance between which the change in temperature
AT is measured, To calculate the thermal conductivity from
the experimental data where the input power is known, one

experimentally measures the temperature difference AT and
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from the dimensions of the sample's eross-sectional area, A,
and thermometer separation, L, determines the geometrical
factor L/A; Equation [40] is solved to give the thermal

conductivity by
L} E
)\z(A)AT [Llrl:l
Sample Holders

For the large temperature range in which the thermal
conductivity measurements forithese samples were taken,
0.42 to 200 K, three separate apparatuses had to be
employed., Each apparatus took advantage of the techniques
most suitable for the temperature range in which it was
used, but each employed the standard steady-state heat flow
technique. Their primary differences were the methods of

obtaining and of measuring the temperatures.

Thermal Conductivity Between 3 and 200 K

The first apparatus was used for measuring the thermal
conductivities of the undoped and doped potassium zinc
fluoride in the temperature range 3 to 200 K, This
apparatus is described in considerable detail by Whiteman
(83) and Velasco (84); therefore, only a brief description
will be given here,

Figure 3 shows a schematic of the sample holder., The
sample was mounted at the end of a copper rod which was

constructed so that the effective thermal contact with the
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cryogenic liquid bath, either liquid helium IV or liquid
nitrogen, could be controlled by controlling the pressure of
helium gas in the heat leak chamber. When helium gas was
put into this chamber, the thermal contact with the cryo-
genic bath was good,. giving the copper rod the same tem-
perature as the bath., If the sample was heated and trans-
mitted heat to the copper rod or if a current was passed
through the 100 ohm ambient heater wrapped around the
copper rod, the heat was quickly dissipated into the bath,
approximately maintaining the bath temperature. If the
thermal contact between the copper heat sink and the cryo-
genic bath was reduced by pumping some of the helium gas
out of the heat leék chamber, then the heat dissipated to
the copper heat sink was not removed efficiently and raised
the temperature of the heat sink and sample., With a good
vacuum in the heat leak chamber, the heat sink was
effectively isolated from the cryogenic bathj therefore,
temperatures much higher than the bath's could be reached,
If the cryogenic liquid was helium IV at 4.2 X, temperatures
as high as 50 K could be reached with less than 250 milli-
watts of input power., If liquid nitrogen at 77 K was the
cryogenic liquid, temperatures above 200 K could be ob-
tained with approximately one watt of input power. At the
higher temperatures, radiation heat loss became a large
source of error when the sample temperature was greatly

. different from that of the outer wall of the sample holder.

For reduction of this radiation loss, an aluminum heat
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shield was placed around the sample, its clamps, and its
gradient heater, This aluminum shield was in thermal con-
tact with the copper heat sink rod and was therefore kept

at approximately its temperature, greatly reducing the tem-
perature difference between the sample and its surroundings.
The entire assembly described above was enclosed in a brass
can which was then submerged into the cryogenic fluid,

When measurements were being taken, a vacuum of less than
1075 Torr was maintained inside the brass can, thus insuring
proper temperature and heat loss control,

The sample was held in thermal contact with the heat
sink by a copper c¢lamp containing indium pads which
flattened against the saﬁple when the nylon screws were
tightened, A phosphor brohze spring and the nylon screws
compensated for the difference in the thermal expansion
between the sample and the clamp. The two thermometer
clamps were constructed in a similar manner (83, 85).

In all the samples except K2, the temperature gradient
in the sample was established by a 120 ohm (at 4.2 K)
heater clamped onto the end of the sample farthest from the
heat sink., Sample K2 had a 94 ohm (at 4.2 K) heater wound
around the end of it, Current was supplied to the heaters
by #40 copper wires, and the voltage drop across the
heaters was measured through #36 constantan wire,

The thermometers used in thls apparatus were chromel
versus gold-0,07 atomic percent iron. They were soldered

to the clamps with indium solder so that the emf of T and
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AT was read directly using a potentiometer, The potenti-
ometer used to measure T was a Leeds and Northrup type K-3
Universal potentiometer in series with a Model 2770 Honey-
well potentiometer with a Le;ds and Northrup 9838 guarded
nanovolt detector as a null indicator, thus allowing the emf
to be resolved to the nearest 0,1 microvelt. The Honeywell
potentiometer and nanovolt detector were used for measur-
ing AT with a 0,01 microvolt resolution., The gradient
heater voltage and current were monitored on a Triplett

D, C. millivolt digital panel meter, giving accuracy to
three or four significant figures, depending on the magni-
tude of the current supplied to the heater. A stable
current to the gradient heater was delivered by a twelve-
volt storage battery. All of the leads leading into and
out of the sample holder were ﬁhermally anchored to the

copper heat sink with GE-~7031 varnish,

Thermal Conductivity Between 1,2 and 4 X

The second sample holder measured the thermal conduc-
tivities between 1,2 and 4 K. A schematic of this sample
holder is given in Figure 4., The basic difference between
this apparatus and the previous one was that the heat leak
chamber was replaced by a pot in which liquid helium IV
could be pumped to reduce the temperature to as low as
1.2 K¢ Another major difference was that carbon résistance
thermometers were used,

Since the size of this sample holder was about the
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same as that of the one previously described, the same
cryostat and pumping system for the sample chamber were used
for both, The copper helium IV pot had a volume of approxi-
mately 50 cmB; and when the sample chamber had a vacuum of
better than 1077 Torr, its only contact with the liquid
helium bath was through a thin-walled stainless steel tube
2% cm long., A small hole drilled through the vacuum seal
leading into the stainless steel tube and a threaded brass
rod with a point which could be screwed into this hole
acted as a valve between the helium IV pot and the cryo- ‘
genic bath, When the brass rod was screwed into the hble,.
this valve was closed; then the pot was effectively iso-
lated from the baﬁh. To reach the various temperatures at
which a thermal conductivity measurement was desired, one
pumped the pot through the stainless steel tube. By

ad justing the pumping speed of the roughing pump by means
of opening or closing a needle valve, one could obtain any
temperature between 1,2 and 4 K,

The sample was mounted just as before, The indium-
faced clamps were similar to those used before except that
carbon resistors were mounted on them in place of the
thermocouples as shown in Figure 5. The same gradient
heaters were used, and a 100 ohm ambient heater was wound
around the helium IV pot and used only for small adjust-
ments in sample temperature, All the wires were thermally

anchored to the helium IV pot and then to the helium IV
bath,
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Measuring the resistance of resistor number one, the
type of which is discussed in the section on thermometry,
gave the temperature of the cold end of the sample; and
measuring the difference between the resistances of
resistors number two and number three gave the temperature
difference, AT, between the two clamps. These measurements
were obtainéd by using two independent a.c., resistance
bridge circuits as shown in Figures 6 and 7. 1In the
circuit for measuring T, a three-terminal bridge was

employed which eliminated the effect of lead resistance,

Thermal Conductivity Between 0,42

and 1,5 K

A helium III pot system and resistance thermometry
were used for measuring the thermal conductivities between
0,42 and 1,5 K, The same circuits as the ones shown in
Figures 6 and 7 were used with Speer resistor thermometers,
This elaborate system also had the capability of measuringﬂ
the thermal conductivity of the sample in magnetic fields
up to 70 KG., Figure 8 is a diagram of the helium III
oryostat, and Figure 9 shows the sample chamber in greater
detail,

The resistance thermometers were thermally mounted to
the sample clamps through a #14 gauge copper wire approxi-
mately 25 cm long., This was required so that when a mag-
netic field was used, the carbon resistors were located

outside the strongest part of the field, thus avoiding

w
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calibration problems, The heater, which was the sSame one
ag was used in the other apparatus, was mounted on the end
of the sample; and the other end was mounted to the copper
heat sink. An ambient heater was wound on the heat sink
allowing some control of the sample's temperature, The
copper heat sink was in thermal contact with a helium III
pot which had a thin-walléd stainless-steel tube in thermal
contact with a helium IV pot., Both these pots were con~
tained in the sample chamber as shown in Figure 9., The
helium III pot was filled with helium III gas through the
stainless~steel tube running past the helium IV pot and
then out of the chamber and cryostat. The helium IV pot
was filled by opening a needle valve as shown in Figure 9
and allowing liquid helium IV to flow into the chamber from
the cryogenic bath in which the chamber was submerged,

When the vapor pressure in the helium IV pot was reduced by
pumping to about 2,16 mm of mercury, giving the pot and
heat sink a temperature of 1.4 X, the helium III gas began
to condense in the stainless-steel tube and to run down
into the helium III pot, when then reduced the temperature
of the heat sink and sample. When as much helium III as
possible had condensed in the pot, it was slowly pumped
with a roughing pump and could reach temperatures as low as
0.5 K, For further temperature reduction, a diffusion pump
was used. In all phases of pumping, the pumping speed was

controlled by means of throttle valves,



51
Thermometry

In the apparatus for measuring the thermal conduc-
tivities between 3 and 200 K, the temperature was deter-
mined using a chromel versus gold-0,07 atomic percent iron
thermocouple, The gold-0,07 atomic percent iron was used
as the negative element because of its high thermopower
for the temperature range 3 to 30 K, (This thermocouple
was Teflon-coated 5-mil diameter wire and was made from
bar #2 and annealed by the manufacturer, Sigmund Cohn
Corporation,) Chromel (Teflon-coated 5-mil diameter wire
supplied by Omega Engineering Inc.) was used as the other
element because of its high positive thermopower for the
higher temperatures., Above the temperature range where the
thermopower of the gold-0,07 atomic percent iron became
small, that of chromel became appreciable, approximately
17 microvolts per degree in the liquid nitrogen temperature
range, and increased the sensitivity (thermopower) smoothly
to about 22 microvolts per degree at room temperature,
Combined, these two elements gave excellent sensitivity for
the entire temperature range of 3 to 300 K, The emf versus
temperature remained within five percent of being linear
through the temperature range, which was important because
the calibration points were spread out, giving large tem-
perature intervals between points, particularly above 20 K,
Since there was this near-linear response, extrapolations
of the fitted curve to lower and higher temperatures and

interpclations between calibration points could be made
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safely without introducing large errors,

Since the composition and production history of each
spool of wire used in the thermocouple might vary from one
spool to the next: the standard thermocouple tables had to
be modified to fit the characteristics of the present
thermocouple used, The chromel versus gold-0,07 atomic
percent iron thermocouple was calibrated using helium IV
vapor pressure techniques, Temperatures below 4,2 K were
obtained by pumping the cryogenic helium IV bath, and the
temperature of the bath was determined by measuring the
helium IV vapor pressure using a mercury monometer and the
1958 helium IV vapor pressure scale, For temperatures above
L,2 K, a platinum resistance thermometer was used for deter=-
mining the thermocouple's temperature. The emf obtained for
each calibration point was substracted from the value ob-
tained by the National Bureau of Standards (86) as listed
in the calibration table for chromel versus g01d~0,07
atomic percent iron thermocouples., This difference was
plotted, giving a difference curve of emf's versus tempera-
ture. The maximum difference between the Oklahoma State
Universlty thermocouple and the National Bureau of Stand-
ards thermocouple was 23 microvolts at liquid helium IV
temperatures, This difference reduced to 6 microvolts at
about 30 K and remained within * 6 microvolts to the ice
point., This difference curve was divided into three
intervalss 3 to 45 K, 45 to 120 K, and 120 K to room tem-

peratures and each interval was fitted with a polynomial
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of third degree. Through the use of these fitted poly-
nomials as a correction to the values in the National
Bureau of Standards table, a table was generated which
gave the emf of the Oklahoma State University thermocouple
referenced to ice for the temperatures between 1 and 300 K,

In the apparatus for measuring the thermal conduc-
tivities from 1.2 to 4 K, a system of differential carbon
resistance thermometers was used, The thermometers were
commercial Allen-Bradley Company resistors with a room
temperature resistance of approximately 30 ohms, In the
temperature range 1.2 to 4 K, these resistors had extremely
high sensitivities, ranging from 27.6 kilo-ohms per degree
at 1.20 K to 151 ohms per degree at 4,00 K, One of the
ma jor advantages of these resistors was that the' resisgance
versus temperature gave a smooth curve, A log=-log plot of
resistance versus temperature gave almost a straight line
between 1.2 and 2,5 K with a slow change from linearity up
to 4 K, Therefore, the calibration points were fitted with
a function of the form |

N .
logT= = C, (LogR)" [42]
i=0 1

where R is the resistance of the thermometer at temperature

th term for the N term

T, and Ci is the coefficient of the i
interpolation formula obtained by a least-squares fit of
the calibration data. It was determined that 1 = 3 gave
excellent fits for each set of calibration points.,

Calibration data were obtained by means of a mercury
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or oil monometer, whichever was appropriate for that tem-
perature, each time a power zero background reading was
taken. The response of these thermometers to a small
change in vapor pressure was extremely rapid,

The third apparatus, which was used for thermal con-
ductivity measurements between 0,42 and 1.5 K, used Speer
Company resistors of approximately 600 ohms at room tem-
perature, The resistance changed smoothly from 1,85 kilo=-
ohms at 1,37 K to 7 kilo=-ohms at 0,3 K. The sensitivity
at 1l.37 K was approximately 893 ohmg/K. The functional
variation of Speer resistors was quite different from that
of the Allen-Bradley resistors in such a way that they were
well suited for the lower temperatures. A polynomial of {

the form
=1 = g c! xi [43]
i=0 1
where x = (R =~ RL)% was used for the calibration data, The
temperature of the sample is T, Ci is the coefficient of
the 19

term, RL is the lead resistance, and R is the
thermometer resistance, A six parameter form, N = 6, was
found to give the desired accuracy. The calibration data
were obtained by using helium III vapor pressure and
susceptibility techniques. Forty calibration points were

used for the range 0.3 to 1.5 K,
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Errors

Measurement Errors

The errors in the thermal conductivity calculations
made using Equation [41] depended on the absolute and rela-
tive precision in the measurements of the sample cross
section, thermometer separation, input power, sample
temperature, and gradient temperature,

The dimensions used to calculate the cross-sectional
area, A, were measured with a micrometer to the nearest
0.01 mm, Since none of the samples was a perfect parallele-
piped, each end was measured with the average values used
in the calculation, Therefore, the percent variation for
the cross—sectiogal area wés a maximum of 0.8 percent for
the smallest sample, K33 the other samples had a smaller
percentage of uncertainty. i

The measurement of the thermometer spacing was the
most uncertain measurement taken., The clamp separation, L,
was determined by placing a spacer, whose thickness was
measured with a micrometer, between the two thermometer
clamps, The clamps were pressed against the spacer with a
slight pressure and tightened. The spacer was pulled
straight out so that movement of the clamps to one side
could be avoided. Previously the clamps' thicknesses were
measured with a micrometer, To find the clamp separation,
one added half of each clamp's thickness and the spacer's

thickness, If the spacer was firmly against each clamp
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and they were not moved when the spacer was removed and if
the assumption was made that the temperature measured was
the temperature at the center of the clamp, then the per-
cent variations in these measurements would be 0.5 percent
for the smallest clamp separation used (sample K1) and 0,2
percent for the largest (sample K2). The error could be
expected to be much greater for any particular measurement.
However, the thermal conductivity curve of a sample was
reproducible to within two or three percent from one mount-
ing to another (87). Except for sample K2, the above
measurements of the cross-sectional areas and the clamp
separations were made only once for each sample during a
particular data run. Therefore, the uncertainties in
these measurements remained constant and did not affect the
shape of the thermal conductivity curve, but it may have
been shifted from its true value by as much as ten percent.
The power input to the hot end of the sample was
determined by measuring the current through the gradient
heater. Thiébcurrent was read to four figures with an
uncertainty of * 3 in the last digit. When the current
was less than 2 mA, it was determined by measuring the
voltage drop across a 100 ohm standard resistor; and the
voltage was read directly from the digital millivoltmeter
with the same uncertainty in the fourth digit. The input
power was calculated using P = IV, If the gradient current
was larger than 2 mA, then the current was determined by

measuring the voltage drop across a 10 ohm standard
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resistor. The resistance of the heater at this temperature
was determined by passing a 1 mA current through the heater
and measuring the corresponding voltage. All the measure-
ments had an uncertainty of approximately + 3 in the fourth
digite The input power was then P = IZR. The gradient
current remained constant during each measurement,
eliminating errors as a result of drift. The maximum error
resulting from the determination of the input power would
therefore be 0,9 percent. The relative uncertainty between
data points, however, should have been much smaller since
the meter's error would be in the same direction and should
have approximately the same magnitude for each determina="
tion.

The above uncertainties in the thermal conductivity
measurements were common to the two apparatuses for 1,2 to
4 K and for 3 to 200 K and, with some minor modifications,
for the very low temperature apparatus; however, the
measurement of the errors for the sample and gradient tem=-
perature must be considered individually for each type of
thermometer used, The total uncertainties in the standard
calibration table for the chromel versus gold-0,07 atomic
percent iron thermocouple from which the table for this
study was derived were as followss 9,8 mK for the tempera-
ture range ¥ to 20 K, 11.3 mK for 20 to 75 K, and 31.9 mK’
for 75 to 280 K (88)., According to Sparks (88), these
estimates include the inaccuracies in the measurements and

in the curve fitting, The modification of the table
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according to the calibration procedure discussed in the sec~-
tion on thermometry probably introduced larger uncertainties
in the table. For the calibration data below 4,2 K, the
helium IV ‘apor pressure was measured, giving data accurate
to within 0.2 percent of the actual vapor pressure.
Additional uncertainties were introduced in generating

the present table, as described in the seection on ther-
mometry.,

Using the K-3 potentiometer, one could measure the
voltage to * 0.5 microvolt, which corresponded to a maxi-
mum temperature uncertainty of 40 mK at 4.2 K to 28 mK at
77 K, The relative uncertainty between data points and
data runs, however, was considerably less than the total
maximum errors given above., The reproducibility of the
thermocouples was better than 0,02 percent on successive
cool=downs (89),

Using the K-~3 potentiometer in series with the Honey-
well potentiometer allowed a resolution of 0.1 microvolt,
This corresponded to an uncertainty of 8 mK at 4.2 K and
6 mK at 77 K. The measurements were taken when the sample
temperature was in an equilibrium states; a drift of no more
than * 0,1 microvolt was allowed at 4,2 K and * 0,2
microvelt at 77 K, The corresponding temperature uncer-
tainty was 8 mK at 4.2 K and 12 mK at 77 K.

The errors in the AT measurements were a great deal
smaller than those above because a differential thermo-

couple was used which allowed relative measurements for the
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change in temperature along the sample to be resolved to
t 0,01 microvolt or 0.8 mK at 4,2 K and 0.6 mK ét 77 K,
There was very little change in the thermopower of this
thermocouple compared to that of Sparks (86) for any
particular temperature, thus giving an almost identical
response for the sensitivity of the two thermocouples,
0.06 percent at 4 K and 0.5 percent at 77 K. Table II
gives a summary of the uncertainties described above,

The ma jor uncertainties arising in the two resistance
thermometry systems were the resolution of the resistance,
drift during measurement, and accuracy in the calibration,

For the system employing the Allen-Bradley Company
carbon resistors, the resolution of the resistance for
measuring the sample's temperature and the amount of drift
during the data taking are shown in Table III for three
representative temperatures.,

The resistance thermometer which measured the tempera-
ture of the cold end of tHé sample was calibrated during
each run, Through the measurement of the helium IV vapor
pressure with a mercury or oil monometer, whichever was
appropriate for that temperature, a calibration point was
obtained each time a fpower zero" correction point was
taken, For sample K2, 17 calibration points were takens
and for sample KN2, 14 were taken. A least-squares fit of
these points, using a four parameter function of the form
given in Equation [4#27], resulted in an average root-mean-

square-deviation of 3,1 mK for K2 and 3.2 mK for KN2 be-
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TABLE II
UNCERTAINTIES IN THE THERMOCOUPLES

(CHROMEL VERSUS GOILD-0,07%
IRON THERMOCOUPLES)

[All uncertainties are given in milli-Kelvins, ]

®

h,2 X 10 X 77 K 200 .K

Sensitivities of Gold-0,07%
Iron Thermocouples 12,6 16,0 17.8 21.3
(in pv/K)

Uncertainties in T

Calibration (NﬁS) 9.8 9.8 11,3 31.9
Limits of K-3 Lo 31 28 23
Drift 8 8 11 11
Change in

Calibration 0.8 2 15 Lo

Resolution of K=3
in Series with
Honeywell 8 6 6 5

Uncertainties in T

Calibration Table 8 8 9 9
Limits on Honeywell 2 1 1 1

Resolution of
Honeywell 0.8 0.6 0.6 0.5
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TABLE III
SENSITIVITY AND RESOLUTION OF ALLEN-BRADLEY
CARBON RESISTANCE THERMOMETERS

[A1l entries in the table are in ohms, and quantities in
parentheses are in micro-Kelvins Q¢K).]

1.2 X 2 K s 3.5 K
Sensitivity 27.6 XSYK 2,44 x (YK 2hly /K
(36.2 LK/ (410 K/ (4,10 mK/Q)

Resolution ’

of T + 1 (40) * 0.5 (200) + 0,1 (400)
Resolution
Maximum

Drift of T + 3 (100) + 1,5 (600) + 1 (4000)
Maximum

Drift of AT +* 0,15 (5) + 0,05 (20) + 0,01 (40)
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tween the calculated points and the vapor pressure points,
A smaller deviation could be obtained through the use of
higher order functions, but they were not used so that the
possibility of oscillations between calibrétion points,
which would result in erroneous values of the temperatures
and the sensitivity, could be avoided. The sensitivity was
determined by means of the fit constants determined in the
least~squares fit., Representative values are given in
Table III,

The mercury monometer was accurate to * 0.5 mm of
mercury and the oil monometZr to £ 0.04 mm of mercury.
Since thg preclsion desired was not greater than 10 mK, the
corrections required for extreme precision (90) were not
made,

The very low temperature apparatus employed Speer
Company resistors. The sensitivity and resolution of
these resistors and the probable drift in the temperature
during the measurement are shown in Table IV, The calibra-
tion data were obtained with helium III vapor pressure
methods, and the resulting least-squares curve fit gave an
uncertainty of approximately 4 mK.

A detﬁiled error analysis and calibration procedure

for an almost identical system are given by Hetzler (91).

Heat lLoss Errors

Direct use of Equation [41] assumes that all the power

that was calculated converted to heat that flowed uniformly
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SENSITIVITY AND RESOLUTION OF SPEER
CARBON RESISTANCE THERMOMETERS
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33 K 1.2 K

drR/4T | 21 x§Y/K 1.2 xQUK
(0.57 x 1<>"LP K/Q) (0.85 mK/Q))

Resolution
in T (1§')) 0.06 mK 0,9 mK
Resolution

Drift 0.2 mK 0.4 mK
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through the sample, However, there were three major
mechanisms by which the heat could be dissipated other than
by flowing through the sample to the cold heat sink, re-
sulting in erroneous values of AT for the caleculated power.
These mechanisms were convecfion, conduction, and radiation.

Since the sample was in a vacuum of better than 1072
Torr, convection and conduction of the heat directly from
the sample to the wall of the sample holder could be ruled
out as dissipating heat., Conduction through the wire leads
going into the sample chamber, however, must be considered,
The total heat loss owing to conduction through i wire

leads is

l !
Qlead = A AT, [44]

where the summation is over all the leads, Xi is the thermal
conductivity of the ith lead, l% and ay are its length and
cross-sectional area respectively, anszTi is the tempera-
ture difference between its connection in the sample cham-
ber and the heat sink. There were seven wires going into
the sample holder: +two copper and two constantan wires for
the heaters two chromel wires, one for each thermocouple;
and éne gold-0,07 atomic percent ;ron thermocouple wire,
Inside the sample chamber there was a l1l5-cm length of gold-
iron wire, used for the differential thermocouple, con-
nected between the sample clamps, Table V shows heat loss
by each of these leads for various temperatures., The table

shows that the power lost through the chromel wire was very
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TABLE V

LOSS THROUGH LEAD WIRES
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Wire 2 K 10 K 200 K
Gold + 0.07% Iron b w 6k Jw 3 mw
Chromel 70 nw 2 Hw 0.3 mw
Copper 128 [w 0e3 mw 3 mw
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small, a factor which minimized the effects of heat loss
through the leadsy this was another of the reasons that
chromel was chosen as the skcond thermoelement.

The thermal resistance of the 15-cm differential
thermocouple wire at 10 K was approximately 3 x 108 KeCm/W,
Also, at this temperature the thermal resistance of sample
K2 was 11 Kecm/W, Comparing these two values, one can see
that because of the much higher thermal resistance of the
differential thermocouple wire, practically all‘thé heat
flowed through the sample with no heat loss through the
wire,

The radiation heat loss, Q is approximated

radiation‘
by

Q =ha'TE TIA T [45]

radiatioen
where a' is the surface area of the sample, U is the
Stefan-Boltzmann constant, & 1s the emissivity of the
sample, T is its temperature, and AT is the difference
between the sample®s temperature and the chamber wall's
temperature., At low %emperatures the radiation heat loss
was negligible, but at room temperature it could become
quite significant. Because of this, data were only taken
up to 200 K although the apparatus was designed for measur-
ing thermal conductivities up to 300 K, To allow data to
be taken at 200 K, one must surround the sample chamber
with an aluminum can as discussed in the section describing
the apparatus., Without this aluminum can, Equation [2]

calculates a possible heat loss of approximately 80 mW at
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200 K, which is larger than the input power. However, with
the aluminum can heat shield, which attained a temperature
close té that of the heat sink, a heat lpss of less than

9 mW could be expeéted for a temperature difference between
the two of 13 K. Assuming that a maximum temperature
difference between the aluminuim can and the sample is
one-tenth of the temperature difference between the heat
sink and the cryogenic fluid and takingéz as its maximum
possible value, which is 1, Table VI giveé comparative
values of the radiation heat losses for the largest sample,
K2, for three repre%entati?e temperatures, The smallest .
sample, K1, would have heat losses of approximately 60 per=-
cent less than the values given in Table VI,

In the two very low temperature apparatuses, a possi-
ble source of error was self-~heating as a result of the
measuring current's passing through the resistors, A
calculation of the power dissipated by this current was
approximately 9 nanowatts at the A point (2,16 K) and 0,1
nanowatt at 3.5 K, This power was insignificant when com=-

pared toe the input power,



TABLE VI
ESTIMATED RADIATION HEAT LOSSES

Temperature Heat Loss.

200 K 80 mw
100 K 2 mw

30 K 60 Mw
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CHAPTER 1V
RESULTS AND DISCUSSION
Results

The thermal conductivities of three undoped samples
and two nickel-doped samples of potassium zinec fluoride
single crystals were measured from 3 to 200 K. On one of
the undoped samples, the measu;ements were extended to
1.2 K3 and on one of the nickel-doped samples, the
measurements were extended to 0.42 K, The data between
2.5 and 200 K for the undoped samples are presented in
Figure 10. The shapes of the curves were characteristic
for single-crystal insulating materials., For temperatufes
above 60 K, the thermal conductivities for all three samples
were the same, having the characteristic slope of T_l re-
sulting from the dominance of three phonon-phonon inter-
actions. In the peak region between 5 and 60 K, the ther-
mal conductivities of K2 had a higher peak, approximately
37 percent different, probably as a result of differences
in point defect scattering., Below 4 K the thermal conduc-
tivity curves of the three samples had a slope of approxi-
mately T3. At much lower temperatures it appeared that the
slope became larger than T3 as shown in Figure 11, which

gives the very low temperature thermal conductivity of one
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undoped (K2) and one nickel-doped (KN2) sample., Figure 12
gives the thermal conductivity data for the nickel-doped
samples for the same temperature range as in Figure 10,

The curve of K2 is also given‘for comparison., The data
points'indicated on these curves represent one-third to
one-half of the data taken for each sample; A tabulation of
all the data points taken is presented in Appendixes B
through F. Figure 13 shows the currently available thermal
conductivity data for potassium zinc fluoride and other re-
lated perovskites, Suemune and Ikawa (92) measured the
thermal conductivities of a number of the potassium divalent
metal fluorides, but of most interest were the data on
undoped potassium zinc fluoride; Velasco (84) measured un-
doped potassium manganese fluoride; and Harley and Rosen-
berg (93) measured undoped and nickel-doped potassium

magnesium fluoride,
Discussion

The thermal conductivities above the maximum were the
gsame for all the samples measured. In this region, the
phonon-phonon interactions were the dominant scattering
mechanisms, Using the Roufosse and Klemens relation,
J1/3,3

A = M a
21/6ﬂ4/3K2h3

28
0" T [38-a]

a value of 0,64 was obtained for the Gruneisen anhar-
monicity parameter using the measured thermal conductivity

of 75 mW/cm*K at 200 K. A Debye temperature, 6, of 274 K
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was calculated from the equation

hv 2,1 -
0 =B ¥ (6n%)1/3 [38-1]
&
The average sound velocity was calculated to be 3.74 x
102 cm/sec using the relation
1 1 /1 2
===l 4+ £ [38"C]
v 3 (Yﬁ Vt) $
where the transverse and longitudinal sound velocities

were measured by Gesland et al, (24) as v, = 3,19 x 10'5

t
cm/sec and vy = 5,72 x 10° cm/sec. Although there are no
published values of the Griineisen parameter for potassium
zinc fluoride to compare this to, it is a reasonable wvalue
for ionic insulating crystals., For example, in zinc oxide,
which also has a cubic structure, Wolf and Martin (87)
determined the Gruneisen parameter as being between 0.5
and 0.6 using the same procedure as in the present study.
Suemune and Ikawa (92) measured the thermal conduc-
tivities of a small crystal (1.5 mm x 1,5 mm x 10,0 mm) of
undoped potassium zinc fluoride between the pemperatures 12
to 300 XK. Their results are given in Figureill, which
shows a temperature dependence above the peak region of
T“O'éu. This temperature dependence is different from the
result obtained in this study of T T, which is the ex-
pected dependence for phonqn-phonon scattering in pure
material, Suemune and Tkawa believed that their lower
temperature dependence was due to impurity scattering of
phonons, meaning that their samples contained a great deal

more impurities than did the ones in this study.
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The nickel-doped samples, KN1 and KN2, were both cut
from the same boule but along different crystal planes,
Since potassium zinc fluoride has a cubic structure, it
would be expected that the thermal conductivity is not
dependent on its orientation, which is shown to be the case
in Figure 12, Figure 12 also shows that the thermal con-
ductivifies of the undoped sample K2 were the same as those
of the nickel-doped samples for the temperatures between 5
and 200 K, indicating that the dilute nickel doping of
less than 0.1 percent had no measurable effect on the ther-
mal conductivities of potaséium ﬁinc fluoride for a zero
applied magnetic field in this temperature range. The peak
regions of the undoped samples K1 and K3 weré lower than
those of the undoped sample K2 and the two nickel-doped
samples, This was due toﬁan increase in point defect
scattering in these two samples,

As stated in Chapter II, the common practice is to
present thermal conductivity data of single crystal
materials in terms of the Debye-Callaway model given by
) xuex

n |3
kT m —_—
= T Z d L6
ﬁ) jo ¢ (eX - 1)2 * [ J
AW

where x = e This integral employs a combined relaxation

_ k
A= —

- antv

time, as given in Equation [37], obtained by reciprocal
addition of the individual relaxation times.
-1 -1 -1 T -1

/z;ombined =’Z;oundary +/Z:II&;O't:ope * “Phonon-Phonon +

-1
Za11 Others/['/ | [37]
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For the large temperature rangé which this study's thermal
conductivity data covered, the minimum number of possible
relaxation times which could be used for a reasonable fit
was three: Dboundary, isotope, and phonon-phonon. Since
there was no T2 dependence in the data below the thermal
conductivity maximum and since there were no obvious dips
or other anomalies in the curve, all other scattering
mechanisms, such as dislocation, resonant, dipole, etc.,
were initially disregarded. Using Equations [7], [9], [22],

and [247], the resulting relaxation time has the form

T-l =X iawt 4 [B, exp (-6/aT) + ]3,]0)2 T [47]
c L . 1 2

Equations [7] and [8j‘allew an estimation of the
boundary écattering relaxation time,iré, For example, the
cross-sectional area dimensions for sample K2 were
‘ﬁl = 4,45 mm ;nd l%‘=43.55~mm. Using these in the
equation

L=2n? () 4)* 6]
the effective Casimir length, L, was 4,45 mm, From the
elastic constants given by Gesland et al, (24) and using
Equation [ 38-¢c], the average velocity of sound at room
temperature was calculated to be 3,74 x 105 cm/sec, giving
Yré'l = 8,40 x 10° secT,:

Point defect scattering relaxation time,??}n, was
estimated for the effect of isotopes by using Equations
(9], [10], [12], [13], and [14]. Relating the form

AXB Cz to potassium zinc flworide, x =1, y =1, z = 3,

y
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A = potassium, B = zine, and C = fluoride., The approxima-
tion for the constant A of the equation
T - au?
pp =AW [9]
is given by the relation

3

5]

A & ——— 10
hry? [20]

which gives 4,7 x 10-46 sec3. The details of this calcula-
tion are given in Appendix A,
The relaxation time resulting from umklapp and normal

phonon-phonon processes had the forms given in Equations

[22] and [24] respectively

TU-I = B, Tw’ e=0/2T [22]
ZT -1 > :
N =B Tw [24]
The co?stants Bl and B2 were taken as fitted parameters.,
Fitting the high temperature data, the values obtained were
7 X 10~18 sec/K\for B, and 7 x 10721 sec/K for Bje

The isotopé point defect and phonon-phonon scattering
effects depended primarily only on the compound being
measured; therefore, the calculated and fitted relaxation
times should be the same for all the present samples, How=-
ever, the boundary scattering, important at low tempera-
tures, should be entirely dependent on the size of the
sample, resulting in a different value of L, the Casimir
length, for each sample. Using the dimensions of the

samples listed in Table I, the calculated Casimir lengths,
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L, are given in Table VII. Since all the curves were
essentially the same at low temperatures, a representative
computer fit was obtained only for samplé K2,

The curve obtained using the values discussed above is
given in plot 1 of Figure 14, At 2 K this curve was a
factor of 33 larger than the experimental curve for K2,
given in plot 2 of Figure 14 for comparison; and the peak
region was a factor of 24 larger, Asqyming-the possibility
of a larger number of point defects than those resulting
from the isotopes only, A was adjusted\to give the best
fit, although while keepi%g the constants for the boundary
term, L, and phonon-phonon terms, Bl and B2, constant, a
reasonable fit of the data could not be obtained., However,

43 3

When A was increased to 1 x 10~ sec”, there was only a
factor of 6 difference between the two curves at 8 K, but
at 2 K a factor of 25 remained. This is-plot 3 of Figure
14,

ghe calculated value for the boundary scattering term
should be the most reliable calculated constant since the
size of the samples and the velocity of soﬁnd values in the
material can be measured with confidence. Maintaining the
value for L of 4,45 mm, an attempt was made to obtain a
reasonable fit of the experimental data by taking all
possible combinations of the point defect, umklapp, normal,
dislocation, and dipole scatterings. Howeser, no reason=-
ably close fit could be obtained,

Even though the measured low temperature thermal con-



TABLE VII
CAICULATED CASIMIR LENGTHS FOR THE SAMPLES

Casimir Lengths

Sample -3 3
L = 2n > (4. 4,)

K1 undoped 3429 mm.

K2 undoped bob5 mm

K3 undqped 3.07 mm

KN1 Ni-doped 3424 mm

KN2 Ni-doped 4,17 mm
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ductivity had the correct temperature dependence in the 3
region, it was a factor of 25 lower than the theoretical
low temperature thermal conductivity calculated using the
theoretical Gasimir length, Only by adjusting L to 0,14 mm
could a good fit be obtained as is shown in plot 4 of
Figure 14, This value is 3.1 x 107° times smaller than
the measured value, The fitted and calculated parameters
for the curves of Figure 14 are given in Table VIII,

This type of effect, where the measured thermal con-
ductivity in the boundary dominant region has the T3
temperature dependence but not the correct boundary size
value, had been observed by a number of authors (50, 56,
63, 72, 93, 94, 95), ﬁone of these authors treated this
problem rigorousiy but only hinted as to what he believed
to be the scattering mechanisms, In the related compound
potassium magnesium fluoridé, which has physical and
chemical properties very similar to those of potassium
zine fluoride, Harley and Rosenberg (93) had experimental
values of I for four nickel-doped samples of potassium
magnesium fluoride which were "less by a facter of 2 to 5
than the smallest dimension” of their samples, Figurne 13
shows their experimental reéults for potassium magnesium
fluorides 0,5 percent nickel and 3,0 percent nickel,
Their only explanation for having to reduce their Casimir
length to obtain a reaso§éble fit to the data was that the
crystals contained some "macroscepic defect." Other

authors gave possibilities of grain boundaries, clusters,



TABLE VIII

83

PARAMETERS USED IN THE DEBYE-CALLAWAY INTEGRAL

Curve # L (mm) A (sec3) By (sec/deg) B, (sec/deg)
1 b b5 h,7 x 10'46 7 x 10'18 7 x 10~21
2 Experimental Data: Sample K2
3 b b5 1x 1073 7 x 10718 7 x 10721
4 0,14 1x 103 7 x 10718 7 x 10721
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colloids, bubbles, and magnetic impurities, Although grain
boundaries and clusters could not be ruled out in the
present study, they were not considered likely to be the
scattering mechanisms reducing the Casimir length., Forma-
tion of colloids was a strong possibility; however, there
was no method of testfng for them except to note that a
gsimilar effect as that described in the next section about
the laser experiment would iIndicate the possibility of
their presence,

Visual examination of the boules from which the samples
were cut showed that each boule contained bubbles to vary-
ing degrees, The samples were cut to minimize the number
of bubbles in each one, Sample K1 had sSome large bubbles
in its center; K2 had many bubbles in its bottom portion
where the gradient heater was wound but appeared to have
only a few small ones between the thermometer clampss and
K3 had a few small bubbles in its bottom portion but none
between the thermometer clamps., The nickel-éoped‘samples,
KN1 and KN2, appeared to have no bubbles although there
were some in other parts of the boule, By shining a
helium laser with a beam of 63282 through the sample, it
appeared that some light was scattered, which may have been
the result of small bubbles, From the low temperature
thermal conductivity data, for these bubbles to scatter as
boundaries, they must be on an average of 0,14 mm apart and
must have a diameter greater than‘HOOg because the mean-

free-path was approximately 0,14 mm and the dominant phonon
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wavelength was approximately hOOX; Since all the ;amples
contained bubbles of varying sizes and densities, the
bubbles might have been causing the effect of a small con-
stant mean~free-path.

The specifications of the crystal-growing materials
and an analysis of the potassium zinc fluoride showed a
number of magnetic impurities, such as iron, chromium,
vanadium, and niokel,’which indicated that there might have
been some type of resonance scattering as a result of
magnetic‘impurities. Nickel impurities of the percentages
present may have had a small effect on the zero field ther-
mal conductivity as can be seen by comparing the low tem-
perature data of samples K2 and KN2, This can be seen in
Figure 15, which shows a plot of i/T3 versus T between 0,5
to 5 K. Note that between 1.5 and 4,5 K, undoped potassium
zine fluoride, K2, had a T3 dependence; however, for this
same region the nickel-doped sample, KN2, had a temperature
dependence slightly larger than TB, and for temperatures
below 1.5 K it had a temperature dependence less than TB.
Harley and Rosenberg (93) nqted an increase in the tempera-
ture dependence for zero fields as nickel concentrations
increaseds; however, at low temperatures they did not see a
changing of the slope to less than ‘I'3 as in this study.
These data are shown in Figure 13. Vanadium has not been
previously reported as causing a drastic drop in the zero
field thermal conductivities of similar types of materials,

Chromium has been reported in one paper (96) to have caused
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a marked drop in the low temperature thermal conductivity
of magnesium oxide but in concentrations of the order of
3,000 parts per million, whereas in these samples 1t was
less than one part per million. On the other hand,
numerous authors (45, 55, 63, 70, 71, 97, 98, 99) have
noted a drastic drop in the zero field thermal conduc-
tivities of various substances containing small quantities
of iron, in one case with only one part per million., Most
of these data were for the thermal conductivity of magnesium
oxide, and the drop in most cases occurred above the peak
region, Because of the crystal field splittings of iron
(Appendix G) and chromium, which have many low-lying levels
separated by energy differences of the same order of mag-
nitude as those of the thermal phonons, a strong possibility
exists that there is magnetic scattering which may result
in a T3 dependence. Two possible forms of the relaxation
time are given in Equatiohs [33] and [34]. However, de-
tailed knowledge of the level diagram of each of these
paramagnetic metals in the octahedral crystal field of
potassium zinc fluoride is required to make more definite
gtatements as to their effect on the low temperature ther-
mal conductivity. Energy level diagrams for the 3d
transition metals iron and nickel found in the samples are

presented in Appendixes G and H,
Summary

The thermal conductivities of three undoped and two
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r

nickel-doped samples of potassium zinc fluoride were
measured over the largg temperature ‘range from 0,42 to

200 K, The results wefe analyzed in terms of the Debye-
Callaway model with boundary, isotope, and phonon-phonon
scattering rates, It was necessary to increase the point
defect term as isotope scattering alone did not account for
the height of the peak., More important, however, was that
the calculated Casimir mean-free-path was a factor of 25
larger than that required to fit the data for all the sam-
ples, This suggested that another scattering mechanism,
such as bubbles acting as boundaries or resonant scattering
from paramagnetic Impurities, must be included, With the
information available, neither the particular scattering
mechanism nor the form of the relaxation time could be

determined,
2 Future Work

In order to determine if magnetic scattering by
paramagnetic impurit}es can be included as a possible
scattering mechanism, the low temperature thermal con-
ductivities of the undoped sample K2 should be extended to
lower temperatures and they should be taken as a function
of the magnetic field. Preliminary measurements of the
magnetic field dependence of the low temperature thermal
conductivities of KN2 have been made indicating that the
thermal conductivity does depend on the fields however,

this is what is expected because of the mickel doping.



More measurements should be taken to determine the field
dependence of potassium zinc fluoride with dilute nickel
doping. To completely interpret the present results, an
undoped sample of potassium zinc fluoride that does not
contain paramagnetic impurities or bubbles must be
measured. Then an iron-doped sample and a chromium-

doped sample should be measured,
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APPENDIX A

THE CALCULATION OF THE PARAMETERS [’ OF
EQUATION 12 FOR ISOTOPE POINT DEFECT
SCATTERING IN KZnF

3
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APPENDIX B

TABULATION OF DATA FOR SAMPLE NUMBER K1

(KZnF UNDOPED)

33

3 to 200 K Apparatus - L/A = 4,65

Thermal Power
Conductivity Input
Temperature (K) (mW/cmeK) (mw) AT (mK)
150, 96,1 13.4 648,
116, 129, 15.3 551,
101, 129, 13,1 72,
92.3 156, 15,3 Ls7,
78,0 185, 15.3 383,
775 181, 2,47 63.4
775 180. 1.31 33.7
54,6 271, 16,1 276,
}4‘8.6 3100 9025 139‘
37.0 L27, 19.8 216,
31,0 526, 19,7 114,
26,7 665, 19,6 137,
22,9 825, 19.5 111,
2245 817, 18,1 103,
19,9 L8, 19.5 954
18,8 996, 19,0 88.9
17.0 1060. 12,5 54,8
16. 1090, 19,4 82,
13,8 1090, 8,08 34,6
12,6 1030. 19.3 873
11.4 939, k,20 20,8
9,32 842, 19,2 106,
8459 753, k,o8 25,2
8. 54 703, 19.7 130.
775 624, 16,8 125,
6.98 529, 26,1 229,
679 517, 19.7 , 177
5494 L3o, 19,2 207,
5493 L2o, 19,7 218,
504k 370, 12.6 159.
5023 329, 8.84 125,
54607 328, 7075 110,
b h2 272, 3,06 5243
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APPENDIX C

TABULATIQN OF DATA FOR SAMPLE NUMBER K2

(KZnF3

1+ UNDOPED)

3 to 200 K Apparatus - L/A = 5,22

Temperature (K)

297+
103.
90.6

e ® 2 o o o @ o @ -

o N F30VWUN0 OV

e e
O HNW & OO0
L L L ] [-] (-] ] - - [
WO~ D O\

9.06

Thermal Power
Conductivity Input
(mW/cme K (mW) AT (mK)
64,6 25,0 2017
132, 32.4 1281
154, 37.8 1250
170. 3102 9570
178, 11.4 335
315. 26,1 L33,
327, 11,2 179,
373, 9,72 136,
6954 3203 243,
795 34,3 225,
932, 32,1 180,
1120 21,7 101,
1270 32.0 131,
1320 16,0 63,6
1430 27.2 99.5
1580 10.7 35.4
1550 27,1 91,5
1580 27.0 89,6
1540 24,5 83.1
1520 24,5 84 L
1360 24,3 93.4
1300 15,6 62,8
1080 15,6 75.3
948, 15,6 85.8
761, 9.20 63,1
633, 17.1 141,
596, 1505 136,
567, 13.2 122,
510, 9:75 99.7
kig, h,52 5643
381, 2,30 31.5
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APPENDIX C (continued)

1.2 to 4 K Apparatus - L/A = 6.50

Thermal Power
Conductivity Input
Temperature (K) (mW/cmeK) (mwW) AT (mK)
L,35 312, L,51 94,0
L,23 286, 4,63 105,
3.98 24h, 4,63 123,
3.47 163, 2,31 91,9
2.98 113, 2,31 133,
2452 65.6 . 846 83.8
2.40 57.9 - +885 99.4
2,11 36,3 0325 63.0
1.95 29, «363 797
1.86 24,3 0236 63.4
1,66 18,4 «259 91.2
1,51 13.4 0177 8545
1.40 10,0 ¢ 109 70,8
1,36 771 «330 27.9
1.28 6.54% ¢330 32,8



APPENDIX D

TABULATION OF DATA FOR SAMPLE NUMBER K3

(KZnF UNDOPED)

38

3 to 200 K Apparatus — L/A = 8,48

Thermal Power
Conductivity Input
Temperature (K) {(mW/cms K) (mw) AT (mK)
190. 80,0 16,0 1690
174, 86.4 17.9 1760
156, , 91,0 10,6 995,
140, 101, 18,1 1520
121, 114, 17.9 1330
121, 112, 11,2 842,
110, 126, 18,0 1210
102, 133, 16,0 1024
101, 133, 26,1 1670
94,6 143, 26,8 1590
90.3 150, 15,8 889,
89,0 151, 6.60 371,
85.8 159, 26,0 1380
8L, b 1613, 22,8 1190
7847 182, 22,5 1050
78,4 171, : 15,8 782,
7,2 182, 25,7 1200
68,0 20k, 25,4 1060
62.9 220, 28,1 1080
56,4 243, 27.1 L7,
51,3 269, 25,7 809.
k5.5 315, 7425 195,
40,3 349, 25,9 630.
.7 413, 25,6 526,
31,2 ko, 24,5 Lok,
28,6 519, 25.5 Li7,
2643 617, 2545 351.
24,0 669, 24,6 312,
21,2 792, 2542 270,
20,1 8hly , 24,1 242,
18,5 925, 25,0 229,
17.5 983, 25,8 223,
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APPENDIX D (continued)

Thermal Power
Conductivity Input
Temperature (K) (mW/cmeK) (mw) AT (mK)
16,6 1020 22,6 188,
15.2 1030 18,7 154,
13.9 1090 15.2 118,
13.9 1060 25,4 203,
13,3 1070 25,4 201,
13.1 969, 12,9 113,
12,2 998, 2543 215,
11'4 99&. 2502 215.
10.3 927, 8,19 4.9
9.77 885, 6.43 61,6
9.2l 845, 5,13 51,5
8.68 807, 3.92 h1,2
8.33 740, 25,1 288,
7.78 663, 25.2 322,
7,16 607, 2,5 343,
6,86 578, ' 21,1 310.
6.21 508, 25,8 L31,
5,68 L3k, 16,1 314,
524 373. 9,01 205,
5423 382, 23,8 527
L, 86 335. 3.27 82.6
L,65 332, .603 15.4
4,39 258, 12,1 397.
4,13 209, 6.43 261,
3.62 181, 5458 261,
3.07 110. 2,41 185,
3.35 160, 942 500,
3.23 145, 7.78 Lse,
3420 14k, 7.80 héo,
2.75 82,1 1.71 177.
2,64 764 1.96 217,



APPENDIX E

TABULIATION OF DATA FOR SAMPLE NUMBER KN1

(K2nF.: = NICKEL DOPED)

3!

3 to 200 K Apparatus - L/A = 4,78

Thermal Power
Conductivity Input
Temperature (K) (mW/cmeK) (i) AT (mK)
195, 79.0 3043 1840
147, 94,8 29,8 1500
126, 110, 38,1 1650
111, 124, 384 1480
99,0 141, 38.9 1324
93.8 146, 30,8 1010
90.5 158, 39,8 1201
81l.1 173. 5061 1390
7961 176, 30,1 822,
66,5 213, 30.4 681,
49,2 319. 29,1 L35,
bi,1 379. 48,8 615,
35,1 k77, 48,6 L88,
29,2 623, 48.3 371,
25,1 779 L, 6 27,
22,4 905, 3649 195,
19,9 937, 28,8 147,
19,6 1074 29,2 130,
18.1 1200 33.2 132,
16,7 1350 28,6 101,
14,7 1440 22,0 73.0
13,2 1440 17,1 56,9
12,6 1322 36,2 131,
11.8 1310 26,9 98.4
11.5 1300 L2,7 157,
10.9 1290 b6,3 171.
10.4 1210 3241 127,
9.94 1160 Lé,2 191.
9.28 1110 48,5 208,
9,20 1050 L2,6 194,
8,84 1050 Liy,2 201,
8e52 1020 47,8 225,
777 898, 34,5 183,
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APPENDIX E (continued)

Thermal Power
Conductivity Input
Temperature (K) (niW/cmsK) (mw) AT (mK)
7.48 863, L6,.5 258,
7+25 777 Lg,1 296,
7.16 809, L6,5 275,
6475 736. 39.7 258,
6,34 665, 31.3 225,
50,83 601, 20,6 164,
5.34 523, 12,3 113,
5.32 547, 12,1 106.
4,98 L3l , 24,3 268,
be9s Loo, 9.38 112,
L,80 Lo1, 9.40 112,
L,sh 375, 11,2 143,
4,18 307, 10.3 160,
3.70 222, 8.43 182,
3429 178, 3,86 104,
3,02 132, 2.72 99,1
2.79 103, 1.51 70,1
2.61 83.7 1,08 61.5
2,42 70,0 1.61 111,
2426 59,4 +903 727



APPENDIX F

TABULATION OF DATA FOR SAMPLE NUMBER KN2

(KZnF - NICKEL DOPED)

3t

3 to 200 K Apparatus - L/A = 6.33

Thermal Power
Conductivity Input
Temperature (K) (mW/cmeK) (mW) AT (mK)
274, 723, 13.3 1150
183, 78.9 30,0 2410
160, 90,6 30,4 2110
121, 111, 19.1 1080
103, 132, 21,2 1020
86,1 158, L7 L 1900
79.8 173, h7,5 1740
7042 197. ho,3 1580
5946 239, b, 0 1170
50,1 291, 29,1 633.
Ls,6 327, 50,2 973.
39,8 396, 5041 801,
3543 h73, 50.1 670,
30.1"’ 5870 ’4'907 5360
26,6 717, Lg,6 L38,
2249 931, " Lo,bL 336,
20,2 1130 L6,6 260,
18,2 1240 hs,6 232,
16.3 1370 37.0 171,
15.4 1k10 32,2 14k,
14,3 1460 Lé,1 199,
13.9 1450 L3,8 191,
13.4 1470 L6 4 200,
12.8 1410 36,6 165,
12,2 1400 33.5 151.
11.8 1400 31.6 143,
11.2 1380 L3,3 199,
10,6 1320 L7.1 226,
9,98 1280 by, 1 218,
9450 1200 Lé,1 243,
9,07 1176 bhs,7 248,
8457 1080 L, 2 259,
8,15 1010 Lé,6 291,
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APPENDIX F (continued)

Thermal Power
Conductivity Input
Temperature (K) (mW/cmeK) (mW) AT (mK)
7¢55 906, 35.6 249,
7.17 852, b7.9 356,
7.15 851, 47.9 356,
6477 807, 3849 305,
6,43 727 31,2 272,
6.06 657, 26,8 258,
5476 572, 19,0 210,
5426 529, 29,1 348,
5422 k713, 10,6 142,
4,81 L35, 19,6 286,
b, L2 366, 17.5 303,
h,32 339, 12,3 229,
k,03 © 309, 12,5 255,
3,74 251, 9.36 236,
3438 195. 6423 202,
3.10 150, 3.67 155,
2497 135. 3.03 142,
2,70 .. . ‘107, 1.52 89.9

1.2 to 4 K Apparatus - L/A = 6,18

3.51 229,
2,81 141,
2,38 61.8
2037 61.4
2017 5509
1.92 ho,1
1,77 . 32,8
1060 2303
1.bo 14,7
1.33 13.2
1.23 9,16
1,21 8.52
l.21 8,24
1.20 7.88
0.42 to 1.5 K Apparatus - L/A = 4,136

1l.32 9.59
1.20 7.l
1.06 5.49
0.939 3.63
0,822 2.26



107

APPENDIX F (continued)

Thermal
Conductivity
Temperature (K) (mW,cmeK)

0+800 2.67
0,775 1.95
0,764 1,96
0,716 1.71
0,625 1.01
0,545 0,601
0.499 0.491
0.425 0399
0.314 0,488



APPENDIX G

ENERGY LEVEL DIAGRAM FOCR Fe2+(3d6)
IN AN OCTAHEDRAL FIEID

(1)
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APPENDIX H

ENERGY LEVEL DIAGRAM FOR N12+(3d8)
IN AN OCTAHEDRAL FIELD
KZnF,: Ni-doped

3
3 em™1
T, (3) 20,610
D (5)
1
E \(3) 14,900
12,376~
Ty ) * 11,412
| , Tolg2n” b K
3 o1) A
21
79117
(Ground)BT (9)X g 972>13 K
—_— 59
———— 431 5 K
A
I 3)
2 O w 0
Pree Cubic Spin-Orbit
Ion C?ystal Coupling
Field znd Order
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