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) 2. ABSTRACT
K .
.’,:. This program is divided into two separate parts: Kapitza and !
{# thermal properties studies. Two separate Kapitza conductance test facili-
' ties have been designed and fabricated for both solid-solid and for solid-
- liquid He II measurements. Data has been obtained for copper to TiCz,
': Helium II.
'§ The Kapitza conductance of LiF and KBr single crystals has
b been measured immediately after cleaving under pure He II. Heating
?‘ techniques were used to evaluate the Conductance and it approaches the
K. phonon radiation 1imit for these materials. Cleaving LiF under He II
N reduced the Kapitza conductance compared to an aged, cleaved surface
2 by only a small fraction. Despite the very good cleaved surface gbtained
with LiF crystals, the results suggeét that sufficient micro-fracturing
k- of the surface occurs upon cleaving to significantly increase the Kapitza
\5 conductance over the acoustic mismatch theory values. These results
: are in contradiction to results obtained by phonon reflection techniques.
g Thermal properties work has included the measurement of the
i specific heat and thermal conductivity of the CdCr204 and ZnCr204 spinels
N and of several CsCe structure heavy metal halides in the temperature
! range of 1.5 to 35K. The specific heat data for the spinels was analyzed
a in terms of both lattice phonons and magnetic contributions. The depen-
f dence of the spinels' thermal conductivity on magnetic fields up to 15T
"y was studied and magnetocaloric data has been obtained. For both the ZIn
; and Cd spinels, the latter results showed a paramagnetic behavic, w~ith
demagnetization cooling and magnetization heating.
3
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s 3. PROGRAM OBJECTIVES
s
=5€ e Carry out experimental studies on solid-solid and solid-
':ﬁ ligquid helium Kapitza conductance.
[
e Study the effect of surface defect centers and surface
L roughness on the so.id-liquid helium Kapitza conductance
o
g;; for alkali halide materials.
s
f%? ¢ Analyze the Kapitza conductance data in terms of existing
o
2 theoretical models.
g“:: e Obtain and analyze specific heat data for spinel-columbite
ﬁ‘i‘ and alkali halide materials.
it o,
$L.- e Obtain and analyze thermal conductivity data for spinel-
i columbite and alkali halide materials.
f'_.ﬂ:,
;h%ﬁ o Study the effect of magnetic fields on both the specific
e heat and thermal conductivity.
;J‘ o Develop theoretical models to interpret the above
e experimental results.
v
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4. SUMMARY AND CONCLUSIONS

)
;¢ The long-range purpose of this program is to study insulating
ﬁ materials having potential as low-temperature superconducting wire
* insulations. The insulations are agglomerates and the thermal conduc-
tivity of agglomerates at low temperature is to a great extent controlled

“j& by the Kapitza conductance of the species' interface. OQOur approach to

';tf this study is to gain understanding of the material parameters affecting
i{f\ the Kapitza conductance. In describing our progress in this program
jﬁf we have reported the Kapitza studies and the other thermal properties

AES work in separate sections starting with the Kapitza conductance studies.
o

AN 4.1 Kapitza Studies

o The Kapitza resistance at the interface of a superconductor

056 surrounded by an insulator can become significant under several different
:QE conditions. For instance at the beginning of a transient heat pulse the
!“* effective heat transfer coefficient in a homogeneous material may be of the
Q»i same size as the Kapitza conductance at its surface. Another condition

':j when the Kapitza resistance can be the limiting factor in heat flow

;ﬁ occurs in composite materials when a large number of particles of one

‘fx material are mixed into another material. In this case the number of

S surface interfaces between the particles is so large that the total

iﬁ: Kapitza resistance in the composite becomes large.

‘:f: Both of these conditions occur for the materials presently

v being considered as a new generation of superconductor insulators and
therefore there is a motivation for studying the Kapitza resistance of

3”; both solid-1liquid and solid-solid interfaces in order to develop a basic
{;; physical understanding as well as to provide engineering numbers for

33: design purposes.
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At Tow temperatures, heat is transmitted by phonons and the
Timiting rate of transfer can be computed as the phonon radiation 1imit
(PRL). (1) Various acoustic transmission theories predict phonon trans-
mission rates that may be several orders of magnitude less than the PRL.
Khalatnikov originated the first of these theories and others e.tended
the acoustic mismatch theories (AM) attempting to explain the anomalously
high interface thermal resistance measured in the laboratory. Typically
the measured values are found to lie nearer the PRL than the acoustic
predictions. The anomalously large transmission is attributed to solid
material effects by some researchers and to superfluid liquid effects
by others. We have approached this study by concentrating upon the materia)l
effects and by evaluating the Kapitza conductance using heat transmission
into superfluid helium and into solids.

Since the Kapitza conductance is a phonon transmission phenomena
some experimenters have evaluated the conductance as the ratio of reflected
to incident phonon energy from the material surface. The conductance
is then presented as a fraction of the PRL. Of particular interest to
this study is phonon data reported by Weber et a].(z) that indicates
the absence of the anomalous Kapitza conductance in single crystals of
NaF and LiF which were cleaved under liquid helium. Appafent]y contaminate
and strain free smooth surfaces obtained by cleaving under 1iquid helium
could be produced for study.

Kapitza measurements must be made under a variety of experimental
conditions such as solid-to-solid and solid-to-liquid helium interfaces
(and possibly solid-to-gaseous helium interfaces). The temperature con-
ditions can vary from the critical point of 1iquid helium (5.25K) to
below 1.5K and with pressures up to at least 2.26 atm. (the critical
pressure of He4).

4.1.1 Kapitza Conductance of LiF and KBr Cleaved Under He II

After an extensive literature search, an optical dewar was
prepared in which a single crystal could be cleaved under He 1I. Con-
siderable effort was expended in developing a solid sample support system
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5'1- that had acceptable heat leak characteristics and which was compatible
A with cooldown contraction. The present design surrounds a right circular
.\3 cylindrical crystal with a teflon canister that uniformly shrinks onto the
aét' crystal at low temperature., The diameter of the cylinder is 1 cm and

T the length is about 2 cm. Support is provided for the teflon by the

) metal dewar walls. Carbon resistors are used as temperature sensors, and
;:ﬁ they are placed in holes drilled into the crystals. Copper leads to

?ﬁ?‘ the thermometers are coiled inside the holes in the crystals and actually

make the thermal contact to the crystal. The thermometers are calibrated
during each run at each experimental point using the saturation temperature-
pressure relation for helium. A heater (wire wound) is applied to the
recessed end of the crystal with GE lacquer. Heat fluxes in excess of

1 w/cm2 can be generated by the heater. Two carbon resistors are posi-
tioned along the sample to provide redundancy and establish the temperature
gradient in the sample. A third carbon resistor indicates the bath
temperature.

Initial tests were performed with copper to prove the experi-

'fuj mental apparatus. These tests yielded Kapitza values that have been found
X ‘d by others. Subsequently KBr and LiF crystals were tested. The measured
'.‘U values for all of the crystals cleaved under liquid helium were 33% of

1 the PRL or higher. We have not been able to reproduce the phonon propa-
Jﬁg{ gation results of Weber et al. It should be noted that Wyatt,(3) in a
,i&ﬁ postscript to his paper in the 1980 NATO Summer Workshop on Nonequilibrium
ss;{ Phonons, indicates that the reflection technique may not give any useful

- information on the anomalous transmission of phonons across interfaces.
We appear to have confirmed that speculation.

AN

‘%ﬁ% Summarizing the results, the Kapitza conductance of LiF and

_”ﬁﬁ KBr single crystals have been measured immediately after cleaving under

. :f pure He II. Heating techniques were used to evaluate the conductance

;{3 and it approaches the phonon radiation limit for these materials. Cleaving
I:fi LiF under He Il reduced the Kapitza conductance compared to an aged,

;:ff cleaved surface by only a few percent. Despite the very good cleaved

surface obtained with LiF crystals, the results suggest that sufficient
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micro-fracturing of the surface occurs upon cleaving to significantly

PR

increase the Kapitza conductance over the acoustic mismatch theory values.

o &
)

It is evident that surface contamination is a small part of

-
PR
P,

the "anomalous" Kapitza conductance for LiF. The Kapitza conductance

wanl of cleaved LiF is two orders o; ngnitude above the acoustic mismatch

' theory prediction, 0.0009 W/cm™-K", and more than one order of

) magnitude larger than any modification of that theory. These results,

95 obtained by heating, are remarkably different from those reported using
phonon reflection techniques and it appears that further effort in trying

Qoy to resolve the difference between the two measuring techniques would be

: useful.

i

Because of our inability to significantly reduce the Kapitza

?_’ conductance of LiF toward the acoustic limit by conventional techniques,
<N further study of LiF may be useful in fundamental Kapitza conductance
bﬁj experiments. In the absence of any other theories, we conclude that

.-\

\ surface microstructure is primarily responsible for the anomalous Kapitza
conductance in LiF since surface impurities and volumetric imperfections

9.%¢
:ﬁf in these tests were minimal. In particular, surface microstructure
)
ﬁ* studies coordinated with theoretical analysis of the type published
ﬁhg by Shiren appear to be an appropriate next step.
ol 4.1.2 Kapitza Research: Solid-Solid
gk' For summary purposes, the reports documenting this research
b 0 are collected in Appendix B and are referenced below by date [e.g.,
(1-2-85) refers to the Report of Jan. 2, 1985].
55
Z? A Tow temperature probe specifically designed for Kapitza
:j measurements was constructed at CeramPhysics during the first phase of
" L]
“g the contract and was described in the report of 1-5-84. The probe has
L - a copper block acting as a thermal reservoir and is attached to a liquid
SN
g{k helium subpot. The reservoir is surrounded by an adiabatic shield also
.gﬁ anchored to the subpot. This entire assembly is thermally isolated from
‘if a flange which is also the attachment point for a vacuum can surrounding
o2
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the entire low-temperature end of the probe. Temperature control is
achieved by either pumping on the subpot through a mechanical regulator
valve or with a heater connected to an electronic temperature controller.

The working space inside the adiabatic shield was large enough

*: for two Kapitza-interface samples each 10-12 cm long including support.
<ii Since the solid-solid Kapitza interfaces were all pressure contacts, the

supports consisted of a nylon yoke bolted to a copper platform which in

A turn was attached to the reservoir. Since nylon thermally contracts more
K than metals or the other dielectrics used in these experiments, the

g 3 yoke applied large pressures to the Kapitza interfaces at Tow temperatures.
_5‘\ The error introduced by the extra heat path of the nylon yoke was negli-
‘i'; gible due to the lower thermal conductivity of the nylon.

‘1'} In solid-solid Kapitza interface measurements, there are two

ﬁ.& basic experimental arrangements determined by the thermal conductivity

?.: of the materials involved. The first of these is described and used in

?

the reports of 10-10-84 and 2-15-85 and the second is described in the

}f report of 8-8-85. The two methods differ in the physical arrangement of

Q . high and Tow thermal conductivity materials. The simplest arrangement

igsz measures the Kapitza resistance at the interface between two high conduc-
'55 tivity materials. The proper experimental method for these types of

?Q‘ measurements is to place two thermometers on each of the two materials

.gjf which are then pressed together to form a Kapitza interface. A heat

iﬁb flow is established along the materials and across the interface by

~}~' powering an electrical heater at the end of the samples farthest from the
v reservoir. Two thermometers on the material permit the temperature

,$$ gradient along the material to be measured and extrapolated to the inter-

; : face. If this is done in both materials, the Kapitza resistance can be

o directly calculated from the temperature drop across the interface.

;§: This method works well in practice for two materials with

ttz large thermal conductivities, but a problem arises if one of the materiais

t;% has a small thermal conductivity (e.g., 1O°3 W/cm-K). In this case it

A is impossible to know the position of the thermometers well enough to

i
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o extrapolate to the interface temperature, T, with enough accuracy to make

. g the measurement. That is, the uncertainty of the temperature at the

%%\ interface is much larger than the temperature drop due to the Kapitza

5&1 resistance.

ﬁ‘; This problem can be overcome with a different physical arrange-

ifﬁ ment. A thin section (~ 50 microns) of the low thermal conductivity

gﬁu material is placed between two rods of high thermal conductivity material
' and the temperature gradient along each of these is extrapolated to the

5:; nearest interface. The temperature drop due to the thermal conductivity

éﬁ? of the slice is then subtracted from the total drop, leaving the Kapitza

355 drop across two interfaces.

;ﬂ:v Once the Kapitza resistance, Ry, is found, it was fit to an

equation of the form

el
l::‘ -n 2
W RK = DT (cm®-K/W)
B
.t' )
Wﬁ‘ where D and n are constants. A number of experiments were run with different
e interfaces. Without exception RK was described very well by the above
K equation. Initial tests (10-10-84) were run between bare copper and
{,‘ thallium chloride (T1C1). The fitted results were D = 3.1 x 104 and
';v = 2.16. The value of n is well within the range of typical values
5{? for solid-solid interfaces but D is extremely high. However, neither
‘; interface surface was polished which led to a large overestimate of the
ﬁv' surface area in contact which led to the large D value.
‘ For all further measurements, all the interface surfaces were
'J' polished to optical flatness. D was thereby lowered by at least two
b1y orders of magnitude, but in fact was probably still too high because

; even polished surfaces are in contact over only a small fraction of their
s areas.
8%
o Another set of experiments was performed on CsI versus copper
% interfaces (2-15-85). (sl (and T1C1) have higher thermal conductivities
& than any other dielectrics (with the exception of sapphire) that have
=
2%
D™
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been used in Kapitza measurements. The CsI rods were interfaced with
both Ni-plated and bare copper rods. Note that the copper sheathing

ﬁﬁg on superconductors will be nickel-plated before an insulation coating
f ' is applied. The results were.n = 2.76, D = 144 and n = 2/82. D = 411

for the unplated and plated interfaces respectively. The n values are
o practically identical and the values of D are within the range of uncer:

*é1 tainty due to the uncertainty of contact area.

 ?% Finally, a series of experiments were performed using slices

s of Tow thermal conductivity material between either Ni-plated copper

N rods or CsI rods (8-8-85). The first low-thermal conductivity material
o*ﬁ was SCI1C which is the probable material of choice for incorporation in

LH; superconductor insulators because of its excessively high specific heat
P at low temperatures. This material has been extensively investigated in
?; other Air Force programs. A second material was 50%/50% (by weight)

o cdramic/glass mixture of SCIC and 3072 glass which is the favored glass
%ﬁ (and mixing ratio) for the Westinghouse superconductor insulation pro-

' cedure. A third material was SCI1D which is a chemical analog of SCIC,

;i: both having B-site spinel structures. The final material was a 50%/50%
:‘* ceramic/glass mixture of SCIA and 3072 glass. SCI1A has also been thoroughly
;g' investigated in the Air Force insulation programs, primarily as a high

o thermal conductivity additive to the glass insulators.

‘i; The results of these measurements were: for a Cu-SCIC inter-
’}: face, n = 2.58 and D = 244; for a Cu-SC1D interface, n = 2.38 and D = 778;

N for a Cu-SC1A/3072 interface, n = 2.27 and D = 673; for a CsI-SC1C/3072
= interface, n = 1.92 and D'= 12720. The value of D for the last measurement
is anomalously higher than the rest probably because the CsI interfaces

N
#N could not be polished as well as the Cu interfaces, thus increasing the
$ over-estimate of the interface area.
AN
% The temperature dependences are very consistent with a wealth
2&: of previous data by other workers on a wide variety of different inter-
%&' faces. The well-accepted acoustical mismatch theory of Kapitza resistance
DU
{$ predicts a temperature dependence of n = 3 for ideal surfaces, but most
fi‘ real surfaces differ from this because of imperfections of many types at
5
94
~.~'
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i

the interface, and these imperfections usually lower n, as was found

in these experiments. No attempt (other than Ni-plating the copper rods)
was made to lower the imperfections of the surfaces in these experiments.

Thus the results here (especially the temperature depencences) should
be accurate representations of the Kapitza resistance of real insulators
on Ni-plated superconducting wire.

4.1.3 References

1. Snyder, N. S., Heat Transport through Helium II: Kapitza Conductance,
Cryogenics, V. 10:2, 1970, p. 89.

2. Weber, J. et al., Absence of Anomalous Kapitza Conductance on Freshly
Cleaved Surfaces, Phys, Rev. Lett., V. 40:22, May 29, 1978, p. 1469.

3. MWyatt, A. F. G., Kapitza Conductance of Solid-Liquid He Interfaces,
"Nonequilibrium Superconductivity, Phonons, and Kapitza Boundaries,"
K. E. Gray, Ed., Plenum Press, 1981, p. 69.

4.2 Experimental Thermal Properties Studies

The purpose of this part of the program is to determine and
understand the thermal properties (specific heat and thermal conductivity)
of a recently formulated group of compounds having potential as super-
conducting wire insulation in the future.

4.2.1 Heavy-metal Ion Alkali Halides

Specific-heat and thermal-conductivity measurements in the
temperature range of 1.7 to 20 K were made on single crystals of CsBr,
CsI, T18r, and T1C1 and on a polycrystalline sample of TI1I. All crystals
display minima in the effective Debye temperatures which are reflected
in maxima in C/T3 versus T curves, and these extrema are expecially
pronounced for T1C1. Comparisons are made with the predictions of existing
lattice dynamics calculations, and the specific heat of T1Br is in very
good agreement with the shell-model calculations of Cowley and Okazaki.
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A Schottky specific heat term is resolved in the cesium halides at the

;v;l Towest temperatures and attributed to hydroxyl ions; by adopting the

iﬁi zero-field splitting for OH in KC1, hydroxyl concentrations m]Ozo cm'3
':tf are estimated in CsBr and CsI. The C/T3 maxima are fitted with Einstein
L terms added to the Debye backgrounds, and these fittings (together with

) the Schottky fits for CsBr and Csl) yield the following Debye temperatures:
g f CsBr, 145 K; CsI, 124 K; TiBr, 116 K; TI1C11 120 K; and T1I, 103 K.

Thermal conductivity data for all crystals display maxima at ~ 4-5 K

and an apparent T3 boundary-scattering regime at the lowest temperatures.

fqﬂ_ Phonon mean free paths at the higher temperatures are analyzed according
E&? to the Peierls relation, and for CsBr and TICl it is found that the

f f Debye modes are the dominant heat carriers. For the remaining crystals,

f;§ The Einstein modes also carry heat. The Einstein modes at these higher
‘tiﬁ temperatures dominate the specific heats, contributing up to 75% in the
Eﬂ case of T1Cl1. Thermal conductivity measurements were alsc made on thin
o crystals (~ 0.05 cm) of CsBr, T1Br, and T1C1 to examine the boundary-

R scattering region. It is found that in this region the limiting phonon
;{WE mean free path for CsBr scales with the crystal dimension, and it is

: " suggested that the suppression of the thermal conductivity may be due

: q to the hydroxyl concentration. For T1Br and T1Cl, the limiting phonon
ek mean free path is ~ 0.01 cm and is independent of the crystal thickness;
y&; this behavior is attributed to a mosaic structure within these crystals.

g;. These results have been published [W. N. Lawless, Phys. Rev.

1?“ B30, 6057 (1984)], and a reprint is attached in Appendix C.

IEJ‘ In addition to the above published studies, interesting new
;ﬁ? magnetic phenomena were discovered in a CsBr single crystal at low

sg. temperatures (7-31-84, see below). Namely, the thermal conductivity

Qﬁ‘ displays a maximum at ~ 8 T, rising ~ 35% above the zero-field value,

and the dielectric constant is suppressed by ~ 4% in a field of 15 T,

}‘p The implication here is that both the acoustic and optic modes in CsBr

; ﬁ are H-field dependent, due possibly to vibronic effects.
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4.2.2 Cadmium and Zinc Chromite Spinels

;; For convenience, the reports documenting the research here are
%‘3 collected in Appendix D and are referenced below by date. For example,
% a reference in parentheses such as (1-2-85) refers to the Letter Report
- of January 2, 1985 titled Spinel Studies.
il
f The spinels studied here at low temperatures are CdCr204 and
.ﬁ ZnCr204, and a literature survey (4-17-84) revealed that the low-temperature
L)
H properties of these spinels have not previously been explored due in part
oy to the difficulty of preparing bulk samples.
Y
[}
b
)&? Specific Heat
K
:h, High precision specific heat data on the CdCr204 and ZnCr204
pty spinels (9-2-83, 10-1-83) were analyzed according to simple models (1-23-84),
‘Ii taking into account the minor columbite phases present that act as minerali-
:1§ zers in the ceramic formation. The Debye temperatures for CdCr204 and
ZnCr204 so detemrined (420 and 463 K, respectively) agree very well with
2 the predictions of the Lindemann relation (414 and 469 K).
o)
}' These Cd and Zn spinels display enormous specific heat maxima
;; (T = 8 and 10.5 K, respectively) of technological importance. At tempera-
" tures well below Tc, antiferrimagnetic spin waves contribute a T3 term
:‘“ to the specific heat, and these spin waves are characterized by
- -16
Y CdCry04 : Js/c, = 5.943 x 10 erg
"y . _ -16
M ZnCr20r : Js/ca = 9.651 x 10 erg (1)
1o
! where Ca is a lattice geometry factor.
e
jﬁ The magnetic contribution to the specific heat arising from
>
.‘“ the transition at TC was determined for each of the spinels by subtracting
u°: the remaining contributions, and by numerical integration the magnetic
.E;; entropies which were found (3-14-84)
)
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2.340
1.434 (2)

CdCr204 : Sm/R

ZnCr204 : Sm/R

Careful measurements of the specific heat near T. were performed by a
slow drift method (<10 mK between points in the range T, *2 K) to study
critical exponents (6-14-84, 3-1-85). These measurements also yielded
high precision transition temperatures,

7.958 K

CdCr204 : TC

10.637 K (3)

ZnCr204 2T
Analyses of these drift data according to rengrmalization group theoretical
models yielded critical exponents o = 9.8 x 1073 and 7.8 x 1073 for

CdCr,0, and ZnCr,0,, respectively, in the range 1 mK <| T - T, | <50 mK
(3-1-85). At larger temperature differences, the specific heat data

show considerable rounding and an o« ~ 2 regime is seen in both spinels.
This latter behavior may be due to correlation-length effects in the
ceramic grains.

These drift measurements also established that there is no
latent heat associated with the transition in either spinel.

Composition studies were undertaken to see if the specific
heat maxima in CdCr204 and ZnCr204 could be altered by solid solutions
or by doping. Solid solutions of (Cd 5Zn0 5) Cr204 poisoned all specific
heat structure (4-1-85), but Fe3+, Gd9+, and Pb2+ doping in CdCr204
reduced both T and the height of the specific heat maximum (4-1-85).
This finding was pursued further with a series of Fe3 doped CdCr204
samples (7-17-85), and it was found that the trend of suppressed TC and
C with doping followed a regular behavior and above 3% Fe3+ on the Cr

max
site the specific heat maximum was completely suppressed. Ny
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A Magnetocaloric Effects

;k; At temperatures well below TC in both spinels, adiabatic

gjf demagnetization cooling and magnetization heating effects were measured

N (5-18-84). No hysteretic effects were observed, and the magnetocaloric

P effects are very large (e.g., aT ~ 1 K at 9 T) considering how large the

‘;ﬁg specific heats are at these temperatures. Magnetization measurements

rxit at 4.2 K revealed that both spinels are linear paramagnets up to 7 T.
e The specific heat and magnetic data for these spinels are

.;R understandable in terms of a simple model of two spin densities. That

i ’: is, some fraction of the Cr3+ spins order antiferrimagnetically at Tc’

}b] and the remaining spins are unordered below T The former spins con-
vy tribute the T3 spin-wave term to the spec1f1c heat below Tc’ and the

‘y:: latter spins account for the linear-paramagnet behavior below T_.. How-

:E:E ever, under adiabatic conditions the ordered spins show demagnetization

‘:EJ heating whereas the unordered spins show demagnetization heating whereas

L the unordered spins show demagnetization cooling and dominate the overall

o effect. Model calculations based on two, non-interacting spin densities

'*g (8-15-84) were reasonably successful in explaining and correlating the

g} : specific heat data (Eqs. (1) and (2)], magnetocaloric data, and magneti-

Sﬁ,: zation data, and the estimated ordered and unordered spin densities are

- ~ 84 and 16% for CdCr204, ~ 52 and 48% for ZnCr204. The exchange constants

Sl from Eq. (1) are estimated to be J/k = 3.42 and 4.72, respectively.

-3;2’5

;R.Q Thermal Conductivity

‘o Thermal conductivity (k) measurements on the spinels (9-2-83)

&P , revealed very large jumps in k below T , and these data were measured

b in fine detail in the neighborhood of T (5-3-85). Both spinels have

¢ small thermal conductivities (~ 1 mW cm ] K ]), and the jump below Tc’

& .‘ ak/k, is much larger for ZnCr204 (~ 100%) than for CdCr204 (~ 30%).

. %: According to the above two-spin-system model, the ordering of a portion

$ a: of the Cr3+ spins at TC removes a phonon-scattering mechanism.

e
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The thermal conductivities of the spinels in the neighborhood

of the jump in k were measured as a function of magnetic field up to
15 T (5-7-84). Interestingly, an H-field quenches the k-anomaly in
CdCr204, but the effect in ZnCr204 is unaffected.

Finally, the thermal conductivities of Fe3+ doped CdCr204
were measured, 2-10 K, with particular attention paid to the jump in k
below T. (8-8-85). Recall from the above that T, and Cmax are quenched
by increasing Fe3+ doping, and this same trend is observed in ak. At
the 3% Fe3+ doping level where structure in the specific heat vanishes,
the jump in k also disappears.

4.2.3 Magnetic Columbite Studies

Although this program has concentrated on the CdCrzo4 and
ZnCr204 spinels because of the technological importance of the former
spinel, there are two other high-specific-heat ceramics that have entered
previous Air Force applied programs: Man206, = 4.3 K, and NiNb206,
= 5.5 K, both columbite materials.

Because the above mentioned drift method for measuring specific
heat had been perfected for the spinels, a minor effort was devoted to
determining critical exponents for these two columbites using this method.
These studies (6-3-85) yielded the following:

I

0.00532

—
1}

Man206 4.332 K, o

0.00145

4 2.4 Discussion

The primary goals of this portion of the AFOSR contract were
to study the physics of the heavy-metal-ion alkali halides and of the
new spinels CdCr204 and ZnCr204, and these goals have been fulfilled
as originally proposed. A separate portion of this contract was devoted
to theoretical studies of these spinels based on the measurements here,

and these theoretical studies are summarized below.
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8 4.2.5 Conclusions

"

3¢ The following conclusions can be drawn from the research described
N above:

>

o 1. The thermal properties of the Cs and T1 halides at low temperatures
"j: are now well understood in terms of simple models, and these studies

- have been published.

b~

9 2. The substantial H-field dependence of the thermal and dielectric

properties of CsBr discovered here, while a minor part of this program,

‘:ﬁ is a rich new area for future research.
o

- "' :

{j 3. A great deal of low temperature data on the new spinels, CdCr204

o and ZnCr204, have been generated in this program, including data

» measured in intense magnetic fields. Unexpected magnetocaloric

ﬁ:% effects have been measured, and the simple model of two, non-interacting
vf{j spin systems appears to explain some, but not all, of the data.

ﬁij Future research here should concentrate in part on the time dependence

of the magnetocaloric pnenomena as an experimental means for separating

33 the two spin systems.

s

«iﬂ 4. Limited doping studies have shown that the thermal phenomena in

:}: CdCr204 can be influenced and eventually quenched, and this finding

_J has significant theoretical implications. Future research here should
'¢:. expand into other doping systems.

I:\|

}:f 5. Although not emphasized above, the CdCr,0, and ZnCr,0, spinels do

';i not form as ceramic bodies unless the "mineralizers" CdNb206 and ZnNb,0¢

4.

are present, but these mineralizers do not enter into solid solution

.
1

.
P
PR

with, or otherwise dope, the spinels. Future research should address

Pl
.l .l
"

AL

this phenomenon of formation (epitaxial growth?). In fact, our lack

e
.
MUY
. B

of understanding of how these new spinels form has hindered our
ability to publish the studies to date.
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4.3 Theoretical Thermal Properties Studies

1 RN

:}:} The theoretical phase of the research on this contract was

~§$% carried out in a series of reports which are collected in Appendix E:

i Spinel Studies I through VII, and are referenced accordingly below.

$‘Q The theoretical results so far have developed an attractive and suggestive
1:"0 picture for the ordering phenomena in the B-site spinels, CdCr204 and

InCr

0,.
274
has been followed to insure that an accurate understanding of these
materials is constructed from the ground up, with the gross features

A systematic program of increasing theoretical complexity

w;i properly interpreted with simple mean-field models before the details
‘:Ej are addressed. The results have shown that at least two types of magnetic
A correlations are present, and that frustration and the presence of strong
;f spin-lattice coupling play an important role in the anomolously large

j:fi specific heats and thermal conductivities. A paper on this work is

iﬁ?f} in preparation, and will be submitted for publication shortly.

}ti The theoretical approach started with a basic examination of
e the structure of the spinel phases of CdCr204 and ZnCr204. This study

}§ . (Structural Studies, Report I) revealed an interesting pattern among the
95 . B-site spinels, which suggests that additional systems of considerable
%55 interest might be made by filling in a table of materials constructed

Q;? by replacing the A-site atom (Zn or Cd) by isoelectronic mixtures of

:ﬁﬁ Cu and In, or Ag and In. In addition, the transitions in these materials
oW were seen to have a peculiar nature in which the spins order weakly in
,;.; a lattice which has a high degree of frustration. This has great impor-
x tance for our understanding of these systems, since it means that large
',: numbers of spins can remain unordered below the transition, resulting

j Ef in anomolously large specific heats, and, furthermore, that distortions
!‘#t of the lattice, which remove the frustration, can couple strongly to the
Wy spins, thus leading to large thermal conductivities due to spin energy

: being transported through the spin-phonon interaction.

*.: The first attempt (Report II: Theoretical Models) toward a

" theoretical understanding of the properties of these systems was to derive
4_:
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the Hamiltonian describing the interaction of the spins on the spinel
lattice sites. From this we extracted a simple model in which we kept
only two possible sublattice magnetizations, an antiferromagnetic one
which orders at the transition, and a ferromagnetic one coupled to it,
which is polarized in a magnetic field, giving rise to spin-flop like
effects. In the mean-field approximation, this model already gives in-
teresting effects, including a temperature dependent magnetization linear
in field and a magnetic field dependent specific heat which increases
with field. These results are in good qualitative agreement with the
experimental data and indicate the basic correctness of our approach.

The renormalization effects due to fluctuations were examined
(Report III: Thermal Properties) which led to the novel feature that the
non-ordering spins give rise to a large contribution to the specific
heat even well below the ordering temperature of the antiferromagnetic
spins. This is not possible in a simpler system with only one order
parameter, again suggesting our model has correct general properties.
Detailed results were obtained in the gaussian fluctuation approximation
for the specific heat as a function of temperature and magnetic field
both above and below the transition.

Next (Report IV: Thermal Conductivity) a theory for the thermal
conductivity in this class of materials was developed. The thermal con-
ductivity depends on both the specific heat and the scattering rate.

We showed that the scattering rate involved, in addition to the usual
phonon and antiferromagnetic spin wave contributions, a spin fluctuation
term which 1imits the thermal conductivity in the vicinity of the transi-
tion. Fits were made to the specific heat and thermal conductivity data
using the same set of fitting parameters, which revealed that the peak

in the thermal conductivity at the transition arises from the peak in

the specific heat, but that the former is typically a factor of three

or so smaller than the latter due to the spin scattering near transition.

Detailed fits of our theoretical model to specific heat data

on CdCr204 as a function of temperature were carried out (Report V:
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o Comparison with Experiment: Specific Heat). Good fits were obtained

‘ § and values of some key parameters in the theory were deduced. The best

‘ " fit over the entire temperature range gave large values for the specific

HY heat exponent, which suggested the importance of disorder, as discussed
Y in Report III. In addition, values of the ferromagnetic-antiferromagnetic

')iﬁ coupling were obtained which correlated well with the value found in the
’f Fe3+ impurity substitution experiments. In Report VI the thermal con-

Ry ductivity data were fit to the theoretical calculation we carried out

A in our Report IV. From this analysis the parameters that characterize

.'VJ the spin scattering near the transition were obtained and were found to

?4 ! be consistent with the theory developed.

T;~ Finally, a theory of the effects of substitutional impurities

§f§ was worked out (Report VII: Impurity Modeis) and compared with the ex-

Efff perimental measurements involving the effects of Fe3+ doping, The com-

;ﬁfj parison gives strong evidence for the interaction between the two order

[+ parameters that is an essential feature of the theoretical model we have

proposed, and allows us to determine the magnitude of the coupling. This
work is being written up for publication along with the model we have
developed for the frustrated B-site spinels.
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hf KAPITZA CONDUCTANCE OF CRYSTALS CLEAVED UNDER HE I1I

-
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% ABSTRACT

l",

!\ The Kapitza conductance of LiF and KBr single crystals has

. been measured immediately after cleaving under pure He II. Heating

ﬁ technigues were used to evaluate the Conductance and it approaches the
A phonon radiation limit for these materials. C(leaving LiF under He II
L}

L) reduced the Kapitza conductance compared to an aged, cleaved surface
\{: by only a few percent. Despite the very good cleaved surface obtained
\: with LiF crystals, the results suggest that sufficient micro-fracturing

of the surface occurs upor cleaving to significantly increase the Kapitza
B conductance over the acoustic mismatch theory values. These results are
in contradiction to results obtained by phonon reflection techniques.
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1. INTRODUCTION

R
' It is well known that the measured values of thermal resistance
{L ) between solids and liquid helium are frequently found to be an order of
i magnitude larger than acoustic mismatch (AM) theoretical calculations
o indicate they should be [1, 2]. The AM theory is based on the trans-
¥ - mission of acoustic phonons across the solid-liquid interface. In fact
,a\. the Kapitza conductance is frequently found to be nearer to the phonon
'“; radiation limit than to even the AM theories that have been modified
‘{f_ for solid-1iquid molecular attraction, etc. Snyder [3] discusses the
':% existing uncertainty in the scientific community as to whether the
’isi anomalous conductance is attributable to solid, liquid or combined pro-
SN cesses and is unable to reach a definitive conclusion. Clearly more
" experiments directed at defining and characterizing the interface under

E; very controlled conditions are warranted.
:*?E Our objective in these experiments was to determine the Kapitza
ol conductance of a nearly contaminate free surface that had the minimum
,ﬂ possible surface restructuring and roughness. The small number of surface
:%2 dislocations reported [4] for LiF cleaved in the 100 plane and the small
3‘3 number of volumetric dislocations reported [5] in single crystal LiF
Lavr led us to experiment with LiF cleaved under He II.

e Our intuitive approach was supported by Weber's data reporting
' [6] variations in surface impedances of 2 - 6% between acoustic phonon
4 3 reflections to vacuum and reflections to He II. Clearly implied is that
. %4 the vacuum reflection is near to the Khalatnikov 1imit (perfect acoustic
; - mismatch) and, therefore, that the He II reflection is within 2 - 6% of
X the theoretical acoustic 1imit of 0.09% for LiF. The present results
': do not support the foregoing conclusions.
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Figure 1. The optical superfluid dewar.
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2. EXPERIMENTAL APPARATUS

*s Figure 1 shows the Dewar used in these experiments. The test
N chamber is seen extending below the main He Il reservoir and is equipped
" with three quartz optical ports. The optical ports allow observation
of the sampie and controlled disruption of the subsurface structure with
LASERS by the formation of "F" centers. "F" center formation with "UV"
LASERS is a well documented [7] process allowing prediction of the dis- :?
tribution and density of a type of lattice defect. The test chamber is J
isolated from the main He II reservoir so that pure He gas can be condensed
- into the test chamber. Figure 2 shows various interior components of

the dewar. The function of these components is best determined by refer- 5
R ence to Figure 3, a schematic diagram of the dewar and test section.
It is a vacuum insulated, gold plated dewar that uses LN2 to provide
intermediate radiant heat shielding. The inner He II reservoir is pumped
directly to obtain superfluid conditions. A vertical 2.54 cm tube runs
through the center of the reservoir and located at its lower end is the
test chamber. Heat generated during the experiment and radiant heat
are transported up the superfluid column, through the tube wall and into
the He II reservoir. A rod (see Figure:2) extends from the warm end
of the tube into the test chamber and to it are attached the cleaving
blade and the internal IR shields that can be rotated over the windows
on the superfluid side. The purpose of the isolated test chamber is to
allow pure He gas to be condensed into the test volume and to allow
2 control of its pressure independent from the reservoir.

[ ¥

Figure 4 is a picture of the Kapitza test chamber of the dewar
showing the low temperature radiant heat shield and instrumentation leads
attached to the central tube. Figure 5 shows an enlarged view of the
test sample case fitted into one of the windows. In this photograph a
copper sample is ready for test having been mounted in one of the viewing

Pl altel” o o

:

1y
it 0,

-~ ‘ A i e - " I. .\ - 1“ i~' . - e e N 1. -~ ~--‘ - " -- - 4.' k \

I, WY, R N ¢ - AL TN .\\ \,.
) Y L . . \

+ 3 v Cand ; A u‘L.n.L.'\'_\AL'(._ 'Cn..\".-;(ﬁ&‘



P

- o
- o

- b . -
SR~ =

L
-

.,‘N~‘--
A XYY,

e s

P - r o o
Q u.g’.,"&’;".,".."- ] SORNRA |

o
& A

ot

ry

R )

-
.‘:-A &

e

TV Ty TN RS TR oy ‘V‘—mvv-\.!—‘l'cﬂv

[
4

SUPERFLUID DEWAR COMPONENTS

Figure 2. Components of the superflyiq dewar.
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A detail of the test sample case

and lead arrangement.

Figure 5.
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ports and sealed with an indium "0" ring around its periphery. In this
case the heater and leads are within the vacuum space on the back of the
sample. Figure 6 shows the copper proof sample, its mounting fixture,

a typical heater and two carbon resistors of the type that are prepared

as thermometers. A slightly different arrangement is used during a
crystal test. During a crystal test, one of the windows holds the sample
and another contains a glass ceramic feed-through for the heater and ther-
mometer leads. The test setup for crystal testing has the 12 um thermo-
meter leads and 0.25 mm heater leads running for 2.54 cm through the He II
test chamber to the feed-through.
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Figure 6. The brass sample holder is shown
with a bifilar wound heater.
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A 3. SAMPLE PREPARATION
" . . . .
i:_ Figure 7 shows a LiF crystal prepared for installation of the
:; heater and thermometer in the same picture. The preparation starts with
e machining a Harshaw single crystal to the proper diameter. Surface
. cracks in the KBr were removed by washing with an alcohol-water mixture
f:* containing about 3 ~ 5% water. Next holes were drilled into the crystal
¢:3 body for thermometer insertion. Drilling was done with an alcohol-water
-&%y solution Tubricant to prevent fracture. The heater, a manganin wire coiled
§Fﬁ on Kapton adhesive tape, was bonded to the back of the crystal with GE
A% lacquer.
i
x: The thermometers were made by sanding Allen-Bradley carbon
R;V radio resistors to a small diameter and heat sinking them by attaching
, a coil of copper wire to one lead as shown in Figure 7. The coil was
i
,:{f twisted tight and inserted into the crystal where it expanded to form
ij:j a good thermal contact with the crystal. Tests were run both with the
L
«}fi thermometer well packed with jeweler's rouge and without. The intent
ol was to determine if the heat capacity of the He II in the open well or
"ﬂf the additional impurities in the rouge influenced the data. The same
i'\§ results were obtained in each case indicating adequate lead thermal
f"* contact was achieved. The thermometer leads were wrapped around the
\fm_ crystal as a further heat sink. As seen in Figure 7, two axiaily
:;}: distributed thermometers indicated the crystal temperature gradient and
> L]
:}?- these measurements were in agreement with thermal conductivity data in
¢
,:;{' the literature [8]. This aspect of the test was used to assign a quality
g :" to the heat run data. Those data whose computed axial heat flux, as
nﬁ'f indicated by temperature gradient, did not agree with the 12R heater
fﬂ: flux, were discarded.
MR
tj:j Crystal support and sealing were a major problem in this ex-

4. periment. Sealing of the ports was accomplished by indium "0" ring seals
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Figure 7. A LiF test sample with the heater
and carbon thermometers.

W "3

. RM-8370




A A

t.“‘,-ﬁ-
P Es

4""."‘-"’:";":'.’

),
5

POk

AN

® o

I

KL,
PrArAALSSS

o

i

g

¥
)

i

y

L

3

s
o4

Sk P

¥
I.'I }
\

aTh

’ s. "‘.»\--\.’;x

and indium soldering. Efforts to seal around the crystal cylindrical
body were unsuccessful, apparently because any three dimensional stress

field would crack the crystal. Matching the thermal contraction of the

crystal to a support is problematic because of the large cooldown contrac-

tion of the alkali-halide ionic crystals [8]. It is more than twice th
value for most metals. Because of the differential contraction, no sea
permanent. Each had to be replaced after several cooldown cycles.
Ultimately, the crystal was fitted into a teflon container that shrunk
down on the sample to support and thermally insulate it. The teflon
container had to be made from simple geometric shapes to assure that
there were no three dimensional stress fields. For example, if the
clearance was not proper around the crystal, the cylindrical teflon
shell would cleave the crystal at the end of the shell during cooldown.
Also, if the disk end of the teflon container was integral with the
cylindrical shell section, the stress pattern would cleave the crystal
axially. The container has to provide rim stress relief, sealing and
controlled venting of the heater space. If these criteria are.met,
simple computation shows that the heat penetration and storage in the
teflon are negligible compared to the heat flow through the crystal.
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4. EXPERIMENTAL PROCEDURE

After sample installation and assembly of the dewar, the test
chamber and tubing were cleaned with acetone and alcohol. The chamber
was flushed with helium and pumped down to clean and check vacuum.

Liquid nitrogen was introduced into the jacket and the dewar was cooled
overnight to about 100 K by conduction and radiation. Subsequently

LHe was introduced into the reservoir and the cooldown continued by
conduction and radiation. After topping off the reservoir, the reservoir
was pumped to about 3.0 K and boil-off He gas was admitted to the test
chamber at about atmospheric pressure through a 1iquid nitrogen trap and
metering valve. At this point, slow admission of the helium was required
to prevent cracking the crystal even though it was at 80 K.

When the central tube was filled, it was sealed and the first
calibration point on the thermometers was recorded along with the pressure
in the test chamber. In this way, the thermometers were calibrated
as the dewar temperature was reduced. To start the test series, the
crystal was cleaved and testing commenced immediately. Judging from
visual observation the quality of the surface was excellent. Data
taken immediately after cleaving was indistinguishable from data taken
after several hours below 4 K; leading to the conclusion that the surface
condition did not change with time -- that is, the He II environment was
indeed clean at low temperature. Figure 8 is a sample data trace of
the two crystal thermometers, the bath thermometer and heater current
shunt voltage. The thermometer signals have been processed through
a dc amplifier and biased so that only the top, varying voltage is dis-
played. Very good sensitivity is obtained in this way. The thermometer
voltage is produced by a current of 10 uA. Accuracy and repeatability
of the recording method was verified by comparison to ac bridge and current

reversal techniques. Figure 9 is a picture of the test apparatus. To
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Figure 9. The Kapitza conductance test apparatus.
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obtain a single data point, all of the voltage traces were read at the

Y same time in the linear, steady rise portion of the time interval. In

(AN each case, the temperature rise of the bath and both thermometers was

the same, allowing the data to be considered "quasi-steady". The different
" slopes in Figure 8 are due to different amplification factors required

:Ei for optimum thermometer sensitivity. The factors are determined experi-

-?1 mentally.

A typical test sequence would start at a bath temperature of
v 2.1 K and the heater would be energized at intervals when the bath was
stable. The heating rate was increased for each interval until the
thermometers indicated that normal He I boiling was occurring. The bath
15 temperature was then reduced to 2.0, 1.9, ..., 1.5 K and the increasing
heat rate procedure was followed at each temperature level.
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5. DATA REDUCTION

The data was reduced to coefficient form using the relation [9]
- n 3
h ="/ [F(sT)T°]

where:
=1+ 1.5(sT/T) + (sT/T)2 + 0.25(s7/T)3

Figure 10 shows the Kapitza conductance vs fluid temperature for LiF

and KBr along with the phonon radiation 1imit for each. In each case

the conductance is only slightly less than the phonon radiation limit

and about two orders of magnitude above the perfect acoustic mismatch
theories. Several crystals were cleaved and tested and the data was

found to repeat within the data error band shown. The repeatability of
the data lends high confidence that these are representative results for
single crystals cleaved under helium. Johnson and Little's data [10]

for air cleaved LiF are very comparable to this data as shown in Figure 10.

Also shown in Figure 10 is the conductance of a surface before
cleaving. The conductance exceeds the PRL slightly, probably because
the actual three dimensional temperature gradient in the uncleaved crystal
is greater than the calculated two-dimensional gradient for which the
interface temperature difference is projected.

Another test was also run with the cleaved sample. While under
the He cover gas, the sample was allowed to warm up to 60 K and then it
was recooled and retested. These data are also shown in Figure 10 where
it is seen that the conductance increased to midway between the aged
surface and fresh cleaved level. The same time interval of storage at
4 K produces no change in the conductance. It seems likely that some
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Figure 10. A Summary of the Kapitza Conductance Data.
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contanimant increased in vapor pressure enough to contaminate the surface
during the warm-up but the possibility of other effects cannot be eliminated.

Analysis of the surface cleaved under helium using a moving
stylus (Sloan Dektak Il) showed the existence of 1 - 2 . steps in the
surface but the surface was generally of good quality. The anomalous
conductance cannot be attributed to surface roughness but may be attributable
to micro=fracturing.

WATSTWGTRLIOE | Y S O U

Summarizing the results, it is evident that surface contamination
is a small part of the "anomalous" Kapitza conductance for LiF. The Kapitza
conductance of cleaved Lif is two orders of magnitude above the acoustic
mismatch theory prediction, 0.0009 W/cm2K4, and more than one order of
magnitude larger than any modification of that theory [10]. These results,
obtained by heating, are remarkably different from those reported using
phonon reflection techniques and it appears that further effort in trying
to resolve the difference between the two measuring techniques would be
useful.

Because of our inability to significantly reduce the Kapitza
conductance of LiF toward the acoustic 1imit by conventional techniques,
further study of LiF may be useful in fundamental Kapitza conductance
experiments directed at identifying the source of the anomalous conduc-
tance. In the absence of any other theories, we conclude that surface
microstructure is primarily responsible for the anomalous Kapitza conduc-
tance in L1F since surface impurities ard volumetric imperfections in
these tests were minimal. In particular, surface microstructure studies
coordinated with theoretical analysis of the type published by Shiren [11]

appear to be an approcrrate next step.
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The initial months of the contract have been used to design a
Tow-temperature probe for doing Kapitza experiments. The probe is neither
simple to design nor build because of the different types of experiments it
must accommodate. First and foremost there should be no paths for heat flow
other than directly through the Kapitza samples. Even when this requirement
cannot be strictly met, any extra heat paths should be small and measurable.
An example will be discussed below. In any case, heat paths due to poor
vacuums and/or radiation loads should be eliminated by correct design. In
particular, a high vacuum needs to be maintained around the sample and all
experiments need to be done inside an adiabatic shield maintained at the
temperature of the heat reservoir.

This heat reservoir presents a problem because of the typical temperature
ranges over which most of the experiments will be performed, i.e. from 1.5 K
to 6-8 K. This range implies that a He* subpot would be ideal rather than a
mass of metal which is thermally linked to a pumped helium bath. However a
probe with a subpot is more complicated to build.

A subpot of some kind is necessary for Kapitza experiments between a
solid and liquid or gaseous helium. The alternative is to have one end of the
sample opened directly to a pumped bath - an impractical solution both in
probe design and from the standpoint of being able to control a subpot
environment more than a bath. The probe also needs to accommodate solid-solid
interface experiments which have no direct need for a subpot (other than as
a possible heat reservoir). The requirement for different types of interface
(solid-solid, solid-liquid, solid-gas) experiments with different requirements
for the geometry of each is a problem in the design of the probe. Other
experimenters have built probes to do either solid-solid or solid-fluid

interfaces, but not both.'”?
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The probe shown in Figures 1 and 2 is designed for maximum flexibility
and should be useful for all Kapitza experiments (except those in high
magnetic fields). Figure 1 is a schematic of the overall design. Pumping
tubes (A and B) support a vacuum can (F) which is attached to a flange (D)
with an indium o-ring. Pumping tube A leads to the vacuum space at the lower
end and a diffusion pump at the upper end. Pumping tube B is attached to
a large mechanical pump at the upper end and the subpot (G) at the lower end.
The subpot temperature can be controlled two ways: either by a heater
(attached to a controller) around the subpot, or by a vacuum regulator valve
placed between the mechanical pump and probe. The subpot is filled using a
fill line valve which enters the probe through another tube (C). The actual
valve seats immediately above flange D where there is a small opening in tube
C. When the valve is opened, helium from the bath space flows through the
fi11 1ine (E) into the subpot. The valve can then be closed before pumping
on the subpot. All experiments will be conducted inside an adiabatic can (H)
anchored to the subpot.

Electrical leads enter through a vacuum tight feedthru at the top and go
down in another tube {not shown) through the flange D and are heat-sunk both
at the flange and on the subpot. Enough leads are provided to accommodate
several samples in one run.

An enlargement of the experimental space is shown in Fig. 2. The
adiabatic can (H) is threaded onto the bottom of the subpot (G). There are
two primary places to attach experiments. A threaded post (J) provides good
mechanical support and intimate thermal contact to the reservoir. These is
also a port (I) into the subpot. This port is shown plugged with an insert
sealed with an indium o-ring. 1If required, the plug may be removed and

another tube attached which in turn would lead to a small reservoir that would
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provide the helium side of a solid-liquid interface. The flexibility and
interchangeability of the experiment hanging from the subpot bottom means that
decisions on methods for sealing samples into this small helium reservoir do
not have to be made immediately. This support necessarily provides a small
extra heat path and it may be necessary to try several designs for this
support in order both to minimize the heat loss and to seal the sample. The
probe design makes it easy to test different methods.

At present engineering drawings have been done for the probe, the
materials have been ordered and received and most of the parts have been
machined. Construction of the probe will start shortly, followed by initial

Kapitza measurements.
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Ml This report summarjzes the results of recent tests using the

_;f specially-built probe for studying Kapitza resistances. The purpose of
4.4‘ -

1?3? the tests was three-fold: (1) to evaluate the performance of the probe

P o

b5 under real operating conditions, (2) to develop experimental techniques
. of measurement, and (3) to obtain some preliminary Kapitza resistance

o
‘¢ y data.
Cs

Since the last report, the probe has been machined, assembled and

e

leak-checked at room and liquid nitrogen temperatures. The only problem

;%:f was in accurately machining a needle valve and seat at the opening to
'ﬁsz the subpot. The valve is located immediately above the vacuum can
(;:. flange in the liquid helium bath space. When the valve is opened by
;Eﬁs using a stem which runs out the top of the probe, liquid helijum can run
:E: into the subpot from the bath space. The valve has to seal completely
.\f: when shut, but the channel into which the valve has to seat is only
o .015" in diameter which implies a high accuracy not only in machining ;
fé;i parts, but also in assembling them, After some testing, a valve was %
:jij developed which seals completely and reliably and should last as long ‘
:{ as the probe.
Eﬁ} For these first experiments, an interface of T2CL to copper was
E;ia chosen. T2CL nhas a large thermal conductivity (comparable to copper at
;’fﬁ helium temperatures) and is one of the principal materials being
’;j considered as a superconducting coating material. A piece of TiC2
;;? ceramic with convenient dimensions (0.17 cm? cross-sectional area and
:;2 approximately 3.5 ¢m in length was chosen and placed in the fixture
;:; pictured in Figure 1. The copper fixture was machined from a single
j;i' piece of ETP copper and attached at the bottom to the probe reservoir,
li{
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The T2C2 was held in place by nlacing a piece of nylon horizontally
across the top of the T2C4. This piece was screwed into two vertical
pieces of nylon which were anchored at their bottom end to the two
horizontal wings of the copper fixture.

A 400 ohm manganin heater was wrapped around the top of the TeCt
sample and attached with GE 7031 varnish. Two thermometers were placed
in thermal contact on each sample by taking a doubled strand of small
gauge copper wire, wrapping it around the sample, twisting the free ends
together, wrapping the free ends around the thermometers and lightly
varnishing the wrap to the sample. This method provides a much more
precise knowledge of the relative positions of the thermometers as
compared to directly attaching each thermometer to the sample.

Each thermometer was an Allen-Bradley 1/8 watt, 220 ohm (nominal)
carbon resistor with the outer plastic coating removed. The
thermometers were wired in series and were isolated from each other with
a short length of 100 ohm/ft manganin between each one. A voltage lead
pair for each thermometer provided a potentiometric measurement of each
device. An accurate room temperature resistance measurement was made of
the heater and a correction formula was used for the resistance at low
temperatures. A small correction was also made for the heater's

connecting lead lengths. The nylon supports provide an additional heat

path, but since the thermal conductivity of nylon is so low, a
correction for the nylon would be less than 0.1% and was therefore
ignored.

After the probe was loaded, sealed, and leak-tested at room

temperature, it was cooled overnight to liquid nitrogen temperatures.
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The next morning, the hath space surrounding the probe was filled with
Yiquid helium while helium exchange gas in the subpot allowed the
sample to cool in a short time. As soon as subpot and sample were near
4,2 K, the subpot valve was opened and the subpot was filled with ligquid
heliym,

The subpot can be pumped through a mechanical regulator valye

which is capable of maintaining stable temperatures for a long period of

|
j
%

time, The lower limit of the subpot temperature is below 1.5 K. To
obhtain reservoir temperatures at temperatures above 4,2 K, the subpot
can he numped dry and the temperature controlled with an electronic
requlator using a silicon diode as a temperature sensor.

Ance a particular reservoir temperature is established, the entire
reseryoir and sample assembly is allowed to come to temperature
equilibrium with no current flowing through the sample heater. Each of
the four sample thermometers are calibrated at this temperature against
a germanium resistance thermometer attached to the reservoir. This
thermometer has been previously calibrated against another thermometer
calihrated at the National! Bureau of Standards. Next the sample heater
is turned on and the sample thermometers are monitored until a Steady-
state temperature gradient is established in the samples. Each sample
thermometer is then read. [f necessary a different heater power is
established and the thermometers are read again. A good rule-of-thumb
seems to he estahblishing a temperature differential between the two

thermometers on a sample of 3-5% of the sample temperature.

~.f

N After a1l the measurements are completed, each of the four sample
LQ thermmometers are calihrated usina the equation
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log R = A + BT-P
where R is resistance, T the temperature, and A,B,P are the fitting
narameters, Then the therma! conductivity of each samp’e can be
calculated as function of temperature (with the sample temperature
defined as the average temperature between the two sample thermometers,
The Kapitza resistance can be calculated from the equation

Ry = (A/Q) aT
where A is the interface area, 6 is the heat flow and 7T is the
temperature differential across the interface which is obtained by
direct extrapolation of the temperature gradient of each sample to the
interface.

In the first series of experiments with TeCz and copper, the
experimentally determined thermal conductivities were more than an order
of magnitude lower than the known values, However the isolating
manganin Tinks between each of the four sample thermometers was very
short { < 1lcm), For a second experiment, these lengths were increased to
5-6 Cmeach., This time, experimental thermal conductivities were very
close to accepted values. A plot of the Kapitza resistances from this
same run are shown in Figure 2, The data can be analyzed according to
the equation:

R =D T
'sing a least-square fit for all the points shown, D = 3.14 x 104 and

n = 2.16.

Anyone familiar with typical Xapitza resistance numbers wil)

recognize that the exponent n is well within reason {especially for ;

“dirty" surfaces), hut that 0 is much too high., The problem appears *o
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he in the calculation of the area of the interface, i.e., the contact
area occurs not across the entire interface, but is instead only at a
few small points across face,

No special care was taken to control the interface surfaces of the
copper and T2C2 for the experiment. The copper face was machined "flat"
but then allowed to oxidize in air. The T2C¢ was ground {by hand) to a
"flat" surface using fine-grained emery paper, Obviously at least one
and maybe both surfaces are rough enough (or uneven engugh) to limit the
contact area., A different method myst be found for the future.

A small contact area at the interface also explains the average
sample temperatures observed during these experiments, Al]l the data
shown in Figure 2 was taken with a nominal reservoir temperature of
4,2 X, The nheater power was changed in several steps from about
.09 mWatts to 16 mWatts. At each of these power levels, the average
copper temperature {i,e., the sample nearest the reservoir} rose only
slightly [ tenths of a Kelvin at most) while the T2CZ temperature climbed
to over 19 X at the highest power level, However Ti(C2 has adout the
same thermal conductivity as copper which means there was a large
temperature change across the interface,

In summary, two of the three goals of these experiments were met.

The probe performed flawlessly and according to design expectations.

N The axperimental methods anpear to be adequate to provide the accuracy
N necessary for Xapitza measurements. However, because the interface area
. hetween the samples was not xnown, it was impossible to obtain an
}
3 1
e ahsolute value for the Xapitza resistance.
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;ﬁ Kapitza resistance measurements have recently been completed
;r' on interfaces between CsI crystals and metal. CsI belongs to a
. group of halides which exhibit unusually large thermal conductiv-
:?j ities! (~1.0 W/cm-k) for dielectrics. Most solid-solid Kapitza
'3? measurements have been between metals and low thermal conductiv-
fgi ity materials, except for a couple measurements on sapphire-metal
‘xi interfaces.?™>
ﬁéf In the last report on Kapitza measurements, the interpreta-
f?f tion of the results on a TlCl-copper interface was ambiguous (in
?:: the magnitude of the resistance) because of the uncertainty 1in
the contact area between the samples., For these measurements
?:I each of the matching faces was polished optically-flat in order
E& to maximize the contacted surface area. ;
;ﬁﬁ The CsI crystals were purchased from Harshaw/Filtrol (Solon,
; Ohio) as an "off-the-shelf" item in single-crystal rods each
;:{ about .21" in diameter and.about 1" long. Each face was polished
_2' by Harshaw but nothing was done to the cylindrical walls of the
éﬁ rods. For the metal part of the interface, two rods of 1/4" ETP
W copper were cut about 1.5" in length. One end of each rod was
e polished optically-flat at Westinghouse R&D Center (Pittsburgh).
:3 One rod was nickel-plated to simulate the nickel-plating on the
':: copper sheath of a superconductor as used in the CeramPhysics/
S Westinghouse dielectric insulation coating program funded by
‘i Wright-Patterson Air Force Base. This latter copper rod was
;ﬁ chemically cleaned immediately before it was plated. No other
:E attempts were made to remove surface oxidation, etc. from any
P samples.
ﬁ;ﬂ The measurements were done in the probe previously made and
?35 described in this program. Two sets of measurements were made
Sﬁ simultaneously in the probe: (1) A CsI-unplated copper interface
}2 and (2) A CsI-Ni-plated copper interface. Each interface was
!E formed as a pressed contact between a Csl and metal rod with the
iﬁ; metal being the closest to the probe reservoir. The pieces were
;fi held in place by a yoke of nylon attached with screws to a copper
'jz platform which in turn was bolted directly to the probe reser-
- voir. The -~.ylon yoke was made of two "posts" of nylon which
?ﬂ B-17
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stood on either side of the sample and were parallel to the axis
of the sample. These nylon pieces were slightly shorter than the
combined length of the two sample rods (Csl + copper). The two
nylon posts were bridged by a third nylon piece (a "lintel") and
secured to them with screws. This lintel piece thus pressed down
onto the sample rods, holding the rods on the platform and
against each other. Since the CsI rod was slightly smaller in
diameter than the copper rod, there was no problem with the axial
alignment of the two rods; it was easy to keep the CsI completely
on the face of the copper rod. A slight bit of indium was placed
between the copper rod and the platform to ensure good thermal
contact at that point,

Calculations show that the nylon conducts less than .l1% of
the heat. Therefore, this correction was ignored in the
calculations.

Two carbon resistance thermometers (nominal 220 g, 1/8 watt
Allen-Bradley) were attached to each copper and CsI sample. 1In
order to minimize the uncertainty in the measurement of
thermometer positioning, a single strand of Formvar-insulated
copper wire was wrapped around a rod for each thermometer. The
ends were twisted to draw the wire tightly against the rod and GE
7031 varnish was painted on the wire to ensure good thermal
contact. One free end of the wire was then wrapped and varnished
to the thermometer.

The thermometers were placed in series in order to minimize
the number of lead wires needed (resistance measurements were
always four-lead). The thermometers were thermally isolated from
each other and from the external leads with about six inches of
~100 ohm/ft manganin between each thermometer and in front of
each external lead. The heaters were about 500 ohms of the same
manganin wrapped around the free end of the CsI rods.

The results of the Kapitza measurements are shown in Fig. 1
for both interfaces. The methodology consisted of establishing a
reservoir temperature at various temperatures 4.2 K and lower.

At each of these points, the heater power was turned off and

thermometer calibration points were made using a germanium
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thermometer in the reservoir. the

Then heater power was applied,
system was allowed to stabilize, and the measurements were
recorded. Usually several different heater powers were applied
at each reservoir setting which would drive the sample
temperatures a little higher at each increase in power and
therefore provide data points at temperatures in between each
reservolr setting.

At times, the heater power was either too high or too low as
judged by the ratio of AT/T on the CsI samples, where AT is the
temperature difference between the two sample thermometers and T
is their average temperature. In general AT/T values less than
1% or more than 6% were eliminated from the data in Fig. 1.
Within this range, however, the Kapitza resistance was not af-
fected by the power levels as shown in several places by com-
paring data at different power levels and different reservoir
temperatures. That is, the highest power setting at one
reservoir temperature often brought the interface temperature
above the temperature from the lowest power setting at the next
highest reservoir temperature. The points always were consistent
with each other.

The data in Fig. 1 were fit to the equation:

_ n
R, = AT .

For the unplated copper - CsI interface, n = -2.76 and A = 144,

for the plated copper - CsI, n = =-2.72, A = 411 with units of RK

of (cmz-K/w). The slopes are consistent with each other and very

typical for solid-solid Kapitza measurements. The values of A
are somewhat higher than usual which probably indicates that even
with optically-flat surfaces pressed against each other, the
pieces are not in complete contact, (i.e., the cross-sectional
area of the CsI rod) is too large and in fact only a fraction of
this area was actually in intimate contact with the copper. This
area of contact should be somewhat dependent on the pressure
applied to the contact which in this case is provided by the

nylon post and lintel arrangement. It is not possible to measure
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this force directly especially at 4.2 K (recall nylon contracts
much more than copper at low temperatures). The difference in
the applied force could account for the difference between the
two samples in the absolute magnitudes of the Kapitza
resistances. Qualitatively, the unplated copper - CsI
combination was clamped more tightly and this interface has the
lower Kapitza resistance, as would be expected.

As a comparison, consider the measurements of Schmidt and
UmlaufS on an interface of indium and sapphire. They found a
temperature dependence of n~-2.5 and a magnitude of RK~0.6-0.8
(cmZ—K/w) at 4.0 K composed to values of 3.0 and 10.0 found here.
They used vacuum evaporation and casting to form their interface.

Their results for R, are greater at 4.0 K by a factor of two

above that predicteg by the acoustical mismatch theory.6

When the data is analyzed, the temperature at the interface
is found directly by extrapolating the temperature between the
two thermometers of any one sample to the interface, i.e., it is
not assumed that the thermal conductivity of the sample is known,
It can be calculated from the measurements, however, and can be
used as a check on the methodology. For instance, in this case
the thermal conductivity of both copper pieces was found to be
~4.5 W/cm-K at 4.2 K and had a linear temperature dependence.
Not only is the magnitude correct, but so is the temperature
dependence, which lands credence to the experimental method. The
thermal conductivity of the CsI was somewhat depressed compared

to the expected value of 5-7 W/cm-K at 4.2 K.l

Both samples had
a positive temperature dependence indicating measurements in the
boundary scattering regime. If the peak in the thermal

conductivity of these samples occurs at about 10 K, then the
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depressed thermal conductivity could be explained by boundary

,
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.8

~
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scattering from grains with dimensions on the order of a micron,

by

Grains this small are however unlikely in a sample sold by

fd

Harshaw as a single crystal.
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., ;.'_‘- & Y
P o o W

A more likely explanation is found in Ref. 1, The cesium

Yy

halides are fairly hygroscopic and there was good evidence in

Ref. 1 for the presence of OH ions in crystals of CsI also
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55: purchased from Harshaw. The crystals used here were "off-the-
#3 shelf” and it is not known under what conditions, or for how long
:. ) they were stored. The presence of OH~ ions could provide
;:: scattering centers responsible for lowering the sample thermal
Qy conductivity.
a“J In conclusion, the present measurements are an excellent
indication of the temperature dependence of "real" CsI-metal
:f& interfaces, i.e., interfaces that would actually be used in the
*; process of coating superconducting wire. Nickel-plating the wire
1|: does not change the temperature dependence and probably does not
change the magnitude of the resistance.

_c?
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Introduction

A series of measurements has been completed on the Kapitza
resistances between high thermal conductivity materials
(nickel-plated copper and cesium iodide, CsI), and low thermal
conductivity materials. The normal procedure for measuring the
Kapitza resistance between two high thermal conductivity
materials as detailed in previous reports and reviewed below,
must be modified so that uncertainties in the temperature drop
across the low thermal conductivity material do not swamp the
temperature drop due to the Kapitza resistance.

Four different low thermal conductivity ceramic wafers were
measured and are listed in Table I. SClC (also known as CCN(9/1)
has been the subject of previous investigation for use as the
high-specific heat component of a ceramic/glass insulator for
superconductors and is the present material of choice along with
3072 glass for use in the Westinghouse wlire-coating process. AS
seen in Table I, a 50%/50% (by weight) ceramic/glass mixture was
another of the thin wafers measured here. SCID (also known as
2CN(9/1)) is a chemical analog of SClC, both having
oxygen-octahedral structures., SClA has also been thoroughly
investigated in the Air Force insulation programs, primarily as a
higher-thermal conductivity material.

To review, the Kapitza resistance is defined as a
temperature difference across a boundary of surface area (A) when

heat (O) is flowing across that boundary, i.e.,

R, = (A/Q)aT . (1)
The temperature drop occurs because the acoustical mismatch at
the interface causes some reflection of phonons from the surface,
i.e., not all the phonons incident on the surface are transmitted
through it. Experimentally, the best way to measure Rk 1s to
join two bars of dissimilar material together at their ends. A
heat flow is established by a heater at the opposite end of one
material and the opposite end of the other material is attached

to a constant temperature reservoir, Two thermometers are
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attached to each matertal allowing a measurement of the
temperature gradient along the material. The temperature can be
extrapolated to each side of the interface thus establishing AT
and Rk across the interface, This is the method used in the
measurements of the previous two reports.

The primary uncertainty in this type of measurement 1is the
uncertainty in the distances between thermometers and from the
thermometers to the interface. This uncertainty in length is
equivalent to an uncertainty in temperature at the interface.

For high thermal conductivity materials this uncertainty in
temperature is not as significant as in low thermal conductivity
materials. For instance, a temperature uncertainty of 1 mK in a
1/4" copper rod with a thermal conductivity of 1 W/cm-K and a
heat flow of 1 mW corresponds to an uncertainty of ~ 0.3 cm in
the distance between thermometers, i.e., the total uncertainty in
the thermometer positions must be less than 3 mm to know the
temperature at any point to within a millikelvin. This accuracy
1s easy to achieve., However, 1if the thermal conductivity of a
material is iowered by a factor of 103 (typical for dielectrics),
then the position of the thermometers must be known to within
three microns in order to preserve the same accuracy under these
same conditions, which is an impossible task.

The solution to this problem is to place a thin (~ 50
microns) disk of low thermal conductivity material between two
bars of high thermal conductivity material. Each bar of this
high thermal conductivity material has the usual two
thermometers. Thus the temperature within these materials may be

extrapolated to the nearest interface with the low conductivity

material, i.e., the result is a measurement of the total .;
temperature drop accross the disk due to the two Kapitza :f
interfaces plus the thermal conductivity of the disk. If the >
thickness and thermal conductivity of the disk are known, the

calculated temperature drop across the disk can be subtracted

from the total to yield the Kapitza resistance across the two

N A
= B & A R __, 2 8 N

interfaces,

.
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Sample Preparation

fopoe
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The high thermal conductivity bars had been previously

prepared and were used 1n making the measurements of the previous

N report. These are rods of nickel-plated copper and Csl. Each
S: had been polished optically flat on one end. Thermometers were
{S attached by looping a single strand of 30 gauge copper wire
]. around the sample, twisting the ends to hold it tightly and then
-i} looping one long end of the wire around the thermometer (a
igi nominal 220 2, 1/8 watt Allen-Bradley carbon resistor). The
f&; uncertainty in the placement of loop was *.025 cm including
y non-uniformities due to the plane of the loop not being
f?‘ perpendicular to the axis of the rod. GE 7031 varnish was
i? sparingly used on the loop to insure good thermal contact to the
.53 rod. Each thermometer lead was thermally 1solated from the
" terminal block by a coiled 1 foot link of .0015" manganin (~ 100
"' R/ L), ]
i; The thermometers were wired in series to minimize the number \
ii of required leads and a voltage lead was attached between each 1
;f parr of thermometers and at each end of the series so that each
» voltage measurement was a four-lead (potentiometric) measurement
_:::E across one Allen-Bradley and two thermal i1solation manganin
?% links. The manganin links are ohmic and their resistance is
,g; temperature i1ndependent over the range used so they are )
J effectively included as a change 1n a constant in the calibration
n;? equation and may be ignored.
{i The heater on each sample was a nominal 500 ohm manganin
“ﬁ heater, the resistance of which was accurately measured at room
; temperature. There is a known correction for the resistance at
E%' helium temperatures, so it was only necessary to measure the
f}' heater current to know the heater power,
iﬁ Fach thin disk of low thermal conductivity material was
;J prepared by starting with materials whose thermal conductivity
;_Kj had been previously independently measured. 1Intial "thick" disks
tf: (nominal 100 microns thick) were cut at CeramPhysics using a
::£ Buehler "Isomet" cutting saw. They were then sent to the
‘ West inghouse R&D Center where they were polished on each side and
N
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their thickness was measured. Their final thicknesses ended up
varying from 35 to over 70 microns. Dr. Phil Eckels was
instrumental in getting this work done and his help and care 1s
gratefully acknowledged.

The entire assembly of high thermal conductivity rods with a
wafer between them was loaded into a yoke (described in the last
report) made of nylon which clamped the assembly tightly agailnst
a copper platform which was 1n turn bolted to the probe
reservoir., The probe has also been previously described. Two
samples could be run simultaneously, although in most runs a
problem occured which limited the run to one sample. Since nylon
shrinks much more than metals when it is cooled, there were large
stresses on the nylon yoke at low temperatures. Twice one part
of the yoke snapped where it was attached to another part with a
screw, thus releasing the sample, The differential shrinking of
the nylon also put large pressure on the samples, sgueezing them
together., This was beneficial in that it increased the contact
area at each interface, but it also caused an unexpected problem
with the CsI rods. These rods are much more malleable than
metals and the large pressures from the nylon bent the rods after
no more than two or three runs, i.e., the rods would end up
curved by 15°-20°., During a run, this bending would sometimes
separate the two pieces of CsI so the upper piece (farthest from
the reservolir) was 1n contact with the lower matertal on only one

edge and would therefore never cool below ~ 40-50 K.

Experimental Procedure

The experimental procedure started with an overnight
cooldown with liquid nitrogen in the bath space. In the morning
this was pumped out and the bath space filled with liguid helium.
As 1t was designed to do, the subpot and reservoir would them
cool slowly to 4.2 K over about three hours with the main thermal
link being gaseous helium in the subpot and pumping line. After
the system was stabilized at 4.2 K measurements were taken by
holding the subpot (with a mechanical requlator temperature

controller) while heat was applied to the samples. Increasing
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the heat flow in small steps effectively raised the temperature
of the sample in small steps, so that the reservolir temperature
did not have to be reset for each point. A good compromise :n
the trade-off between minimizing the number of reservolr settings
and keeping the heat flow in a reasonable range was to change thre
reservoir temperature by ~ 0.3 K downward and take 6~8 points (at
different power levels) within each reservoir setting,

At 4.2 K, the typical heat flow ranged from ~ 1.5 mW to 10
mW, This range gave a typical AT/T of ~ 1.5%-10% and this range
was maintained at all temperatures. Here AT is the total
temperature drop across the two interfaces and low thermal
conductivity disk and T is the average temperature in the thin
disk (which is also assumed to be the Kapitza temperature).

At each reservoir temperature, each of the Allen-Bradley
thermometers were calibrated against a previously calibrated
germanium thermometer which in turn had been calibrated directely
against an NBS calibrated standard. The set of 8-10 calibrations
points for each Allen-Bradley was then fit to the equation:

logR = A + BT © . (2)

Since only temperature differences are required, the fitted value
of A was not retained. 1Instead it was recalculated each time
there was a zero-power point and this A was used for each of the
thermal conductivity points made at that reservoir setting. This
effectively means that in the Kapitza calculations, only
temperature differences for each thermometer were used, which
lncreases the accuracy as long as the differences do not become

excessively large,

Experimental Results

’ ; The experimental results are shown 1in the graphs of Figs.
Ef 1-4. Each of the sets of data has been fit to a straight line of
tf} the form log Rk = log D+ nlog T, i.e., the functional form
| T
o
(A
Fiy R, = DT" (3)
QJ,':..
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'3$i was assuned. The results of the fittings are shown in Table I.
-
: Table 1
»€$: Fitting parameters of Equation 3 (units of R, ~ cm2-K/w)
%ﬁf Material D n
7 Cu vs. SCIC 244 -2.58
l-; Cu vs. SCI1D 778 -2.38
o Cu vs. SC1A/3072 (50/50) 673 ~2.27
~&; Csl vs. SC1C/3072 (50/50) 12720 -1.92
e For the Cu versus SClC sample only, the fitting was limited to
iﬁ‘ the temperature range 2 < T < 4 K since Rk seems to turn up
giﬁ slightly at each temperature end. All the other fittings include
:i: all the points shown on the graphs.
';% There are no error bars shown, but an estimate can be made
:f? of the measurement uncertainty and other errors. For instance,
35} at 4.2 K, the error in absolute temperatures is estimated to be
jg: less than 10 rK and is due primarily to error in transferring the
- calibrations. Typical fits to Eg.(2) gave residuals (squared) on
- the order of .9999 which corresponded to temperatufe residuals on
the order of 2-3 mK. Kapitza resistances were calculated from
temperature differences and these are much more accurate than the
) absolute temperature uncertainty,. For instance “ne reading error
#{ of the resistance was * 0.1 Q@ which correspords to a temperature
‘;if uncertainty of ~ 0.13 mK at 4.2 K and decreases rapidly at lower
;i temperatures since dR/dT increases. From the discussion above,
ii the uncertainty in the thermometer placement also corresponds to
‘ﬁ an uncertainty in the temperature at the interfaces, but this
53. uncertainty is constant as is the uncertainty in the area
i}- measucrement and would therefore not affect the error bars on each
Fi' points, but would raise or lower the entire curve. The heater
r~- current uncertainty is the only other uncertainty which would add
Ffi to the error bar at each point. The lowest heater current was ~
ix- 400 yamps and it could be read to *.]1 pamps or to .025%. There
'él are thus five sources of error for each R, measurement: four
;ii reading errors from thermometers and the heater current (which is
v
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squared). Thus, the maximum root-mean-square reading uncertainty

of each point near 4.2 K is ~ ,035%. The absolute uncertainty in
constants (especially the interface area) dominates all others

and is discussed below.

Discussion
Over the years, there have been many measurements of Kapitza

1,2

resistance, most of which have been fit to Eq.(3). Typical

values of D range from 5-60 (units of R, in cm2—K/W) while n

ranges from -2 to -3, The acoustic misgatch theory predicts n =
-3 and a value for D which depends on sound velocities (as a
function of frequency) and the transmission coefficients of
phonons across an interface amoung other thingsz. Since sound
velocities are not available for any of these materials it was
impossible to predict what D should be.

In all cases D is higher than the typical values. As
suggested in the last two reports, this is almost surely due to
the necessity of using pressed contacts (even though highly
polished) compared to measuring the Kapitza resistance across
boundaries of materials which can be bonded to each other. 1In
fact, it is this uncertainty in the contact areas which has
probably led most investigators to limit themselves to materials
which are either easily deformed and highly malleable (e.qg.
indium) or to materials which can be directly bonded to metals
(e.g. epoxies). One exception was a series of pressed materials
measured by A.C. Anderson under very similar conditions to those
used in this study.3 He estimated that for his surfaces
(unpolished) only ~ 0.01% of the area was making contact.
Polishing the surfaces should made a difference and probably does
according to Table I. All of the thin wafers seemed to polish
about the same judging from how much diffusion of reflected light
there was from the surfaces. Of the high thermal conductivity
bars, the nickel-plated copper was more highly polished than the
CsT rods. These differences account for the large value of D in
Table I for the CsI-SCIC/3072 interfaces since the value of the

contact area was probably overestimated more for this surface
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than for the copper surfaces since the surface roughness was
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greater for the CsI surfaces.

The values of D for the copper surfaces are all within a

:}c factor of three of each other. It is not known whether these
»%3 differences reflect (at least partially) real differences in the
*b Kapitza resistance or whether they reflect only differences in

¢ the surface roughness and contact pressure (i.e., contact surface

