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R. 5. Newrock and B. W, Haxfield*

Lazboratory of Atomic and Solid State Physics
Cornell University
Ithaca, Wew York 14850

Abztract

The thermal resistivity of single and polycrystalline
potassium specimens having residual resistance ratios between
195 and 6500 has been measured between 1.5 and 15K. It is
found that theoretical calculations based on semiclassical
ideas are in reasonably good agreement with the experimental
data, particul;rly for the more impure cpecimens at low
temperatures. The role of umklapp scattering is clearly
evident. Although umklapp processes can contribute as much as
S0% to the total thermal resistivity, the simple expression,
W= A/T + ET2 obtained by only comsidering noxrmal scattering,
describes the results remarkably well uwp to about 10K,
Depending upon the purity, the values of B ranged from 2.38
X 10'3 em/W to 1.53 x 1E!_3 cm/W, indicating a deviation from

Matthiessen's rule of about S0%. .The magnitude of the cal-

culated thermal registivity is.very near: the experimental
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result for impure specimens but the calculat;d values are too
high for the pure specimens. It is shown that when impurity
scattering is dominant, a variational calculation of the electron-
phonon thermal resistance should be quite accurate. In pure
gpacinmens the calculations are not expected to be nearly as
good; reasons for this are discussed. At high temperatures,
above 6 to 8K, the theoreticzl temperature dependence iz in
considerable disagreement with the experimental results.
Deviations from Matthiessen's rule, as well as other possible
reasons for thies discrepancy, are discussed. Our data is in
qualitative agreement with that of MacDonald, White and Woods;
however, contrary to the observations of Stauder and Midleczarek,
we observe no anomalous behavior in the thermal conductivicy

of potassium. Reasons for the differences bebtween cur results
and those of Stauder and Mielezardiare presented and discussed.
We conclude that the thermal resistance of potassium can be
understeood very wﬁll within the framework of existing theoreti-
cal work. In specimens of low and interwmediate purity the
contribution of lattice thermal conduction can be appreciable
and should be taken inte account when making comparisons with

theory.




I. INTRODUCTION
In recent years there have been many measurements of the

various transport properties of the alkali wmetals, Much of

1-7 which is known to have a

Fermi surface spherical to about one part in a thousand.a’g

this work has been on potassium,

In addition, it can be obtained with high purity and does not

have the complicating feature of a tartensitic phase transfor-
mation that exists in lithiuwe and sodium. The high reactivity
and other handling problems have made experimental work quite

difficult; only recently, for instance, has sufficiently good

data been obtained to a2llow a detalled comparison of the

1,3 In zero mag-

measured electrical resistivity with thecory.
netic field, the electrical resistivity can be explained very
well by semiclassical transport theories provided electron-
phonon unklapp scattering 1s taken into account. On the other
hand, the hiph-field magnetoresistance of potassium, which
increases linearly with applied magnetic field over a wide

2,4,6,7 has proven difficult te explain on a semis

field range,
classical basis.

To further elucidate the transport properties of potassium
it was decided to investigate the thermal and magnetothermal
resistivity to determine the possible existence of differences

similar to those observed for the electrical resistivity.

This paper reports our zero magnetic field thermal resistivity
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measurements. Single and polyerystalline potassium specimens
have been measured between 1.5 and 15K in specimens having
residual resistance ratios ranging from 195 to 6500.

There are only two other measurements of the low tempera-
ture thermal resistance of potassium. The first by Macbonald,
White and Wnudsln was done on specimens encapsulated in glass
capillaries. 1In addition to possible problems arising from
differential thermal contraction, their data is not sufficiently

Iexteusive to permit detailed comparison with recent theoretical
calculations. An anomalous behavior which is difficult to
explain on any fundamental basis is observed in the second
set uf'measurements.ll The next section contains a detailed
discussion of the sample preparation and mounting procedures.
Section III describes the results and makes comparisons to
other work. In particular, the role of umklapp scattering in
the thermal resistivity is discussed, the lattice conductivity
is shown to be of importance even in reasonably pure samples
and fairly large deviations from Matthiessen's rule are noted.

Some concluding remarks are contained in sectien IV. ™



I1. EXPERTMENTAL DETAILS

For any particular transport property of potassium,
there are often a variety of results reported in the literature.
Most of the differances can be attributed to probe effects and
to problems related to sample preparation and mounting. In
view of this and the previocusly reported anomalous thermal

resistivirty of pctassium,11

we feel that it iz necessary to
describe the experimental and sample preparation techniques
in more than the usual detail. The following sections explain
the mounting procedures, sample preparation and details of |
the apparatus as well as the methods of data acquisition and
analysis.

A. Sample preparation

Potassium ranging from 99 to 99.95% nominal purity was
used; the least pure samples were made by alloying pure
potassium with pure sodium. Potassium, in the glass ampules
supplied by the manufacturer, was melted under vacuum into
pyrex tubes that had been coated with dry paraffin oil.
ﬁhile in the liquid state, the metal was outgassed in a
vacuum of better than 10-5 Torr for at least 24 hours. If
a single crystal was desired, the oven temperature was slowly
lowered while an auxiliary heater maintained a thermal zradient;

this procedure generally resulted in the formation of large

{2 x 10 cm ) single crystals.
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For some of the polycrystalline samples; pieces were cut
from the large boules, etched in xylene.cnntaining 27, gecondary.
butyi alcﬁhol, coated with dry paraffin oil and pressed into
1 mn thick plates using ﬁ stainless a¥eel éample Press. |
From these pressed plates, samplés Wwere cut to size with a
rezor blade. For other specimens, potassium prepared as
described above was Extfuded ﬁsing alx3mmdie. The
gingle crystal samples were either string-cut from the large
boules or grown between glass plates on a hot plate. After
fhbrication, all sampies were etched and placed in a vacuum
| desslcator filled with dry paraffin oil. The samples were
then allowed to anneal at room temperature foxr at least 24 _
hours before heiﬁg measured.
| Table I lists the physical charﬁcteristics of the samples.
Due to the raplid deterioration of the surface upon exposure to
alr (and the subsequent need for etching), and the fact that
the samples cannot be measured accurately after forming, the
cross-sectional area of the samples is only accurate to 5%.
B. The Cryostat
A schematic view of thelﬁryostat is shown in Fig. 1.
All of the salient features are preéented in the caption;
however, a few points are worth further elaboration. &2 is
the heate:.used to e#tablish the the¥m§1 gradient. The former

i=s made of phosphor-bronze twisted inte a tweezer-like shape



-7

(see insget A). The heater is wound on a cylinder of copper
foil and soldered to this former; such an arrangement allows

the heater to be attached quickly and firmly to the potassium.
It also has the advantage that heat flows into the sample

from both sides. Flange F is tapered and mates with a corres-
ponding flange on the vacuum can. When the mating surfaces

are coated with a thin film of silicon grease,lz a seal that

is leak tight to superfluid helium can be made in a few seconds.
This enables the air to be pumped from around the sample

before the potassivm surfaces can deteriorate.

The specimen platform was made from 5 mil stainless
steel shim stock. Six-pointed star-shaped holes (see inset B)
were spark machined into the platform to support the measuring
thermometers. This was necessary because it is very difficult
to attach anything directly to potassium at rooin temperature.
Most glues and varnishes will react with potassium and it is
too soft to withstand the pressure of mechanical c¢lamps. In
this configuration, the thermometers serve as supporis for
the sample and are separated by a high thermal resistance.

The thermometers are calibrated germanlum resistors
mounted in small copper holders with GE-7031 varnish. These
copper holders, which have flat upper surfaces, are insgerted
into the stars in the platform. Te¢ the flat copper surface

is attached a 1 mil thick, accordian-folded copper foll (see
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inset C). The sample is comnected to these foils which allow
for the differential contraction between the sample and the
stainless steel platform. This avoids introducing strains
into the sample when the apparatus is cocled. To ensure
thermal isolation, the thermometers are attached to the heat
station pins with approximately three olms of copper and
Evanolm wire. (The leakage power is therefore about .03uW
per degree temperature difference.) A copper bar is attached
as shown, to the perimeter of the stainless steel platform,
to aid it in reaching thermal equilibrium. Attached to the
heat post 1s s press that is used to obtain a small thermal
resistance between the helium bath and the sample. An AG
Wheatstone bridge and 2 carbon resistance thermometer attached
to the copper portion of the platform near the press is used
to control the sample temperature throuph heater Hl. The
specimen temperature cculd be stabilized to about 0.05 mK.
The data acquisition system used is essentially the same

as described by Stephan and Maxfield.13

Briefly, it consists
of a scammer, a digital voltmeter (DVM) and beth printed

and punched paper tape output. Using a 25 Hz current phase-
locked to the D¥M clock frequency, beth the thermometer current
and peotential drop are wmeasured using a four-terminal con-

figuration. The acquisition system puts the thermometer

currents and voltages, the heater current and voltage and all
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other pertinent information onto the punched paper tape for
computer analysis., This system works very well for tempera-
tures greater than 2K. However, below this temperature, nolse
in the scanner stepping switch made accurate measurements of
the temperatures :i.m.];'.u:}ssiil:-lna;1"‘:F at the lower temperatures the
scanner was manually stepped and the system allowed to
stabilize after each stap.

C. Sawple Mounting Procedure

The annecaled sample was carefully removed from the paraffin
oll and etched slightly. It was then dipped in dry Dow-Corning
DC=-200 fluid15 (200 cS viscosity); the excess fluld being
allowed to drain off leaving a very thim ccating of fluid that
served to retard surface deterioratien. A drop of very
vigscous DC-200 fluid (60,000 e5) was placed on the ends of
the pleated copper foils attached to the thermometers, the
sanmple was placed on top of the foils with one end on the heat
post, and a small pressure applied via the press. The DC=200
fluid, when frozem, adheres very well to the potassium and
provides an adequate thermal link between the potassium and the
thermometers and heater. Several other oils and greases were
tried with little succeas;lﬁ they all tended to crack at liquid
nitrogen temperatutre.

The thermal resistance of a typical DC-200 thermal joint

was measured to be about 550 KW at 6K. At this temperatutre
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both the power dissipated in the thermameter's and the maximum
possible heat leak through fhe thermometer leads was always
less than 0.1pW. A heat current of 0.I1uW through such a
foil-DC-200 joint will give a temperature difference of approxi-
mately 0.05 mK, a negligible exror for the temperéture gradients
that could be used above 3K. At lower temperatures the resis-
tance of the joint increases ﬁut there is a corresponding
decrease In both the power dissipated in the thermometers
and in the thefmﬁmeter lead heat conduction. 1In practice,
errors attributable to this thermal joint were negligible
above 1.5K. For comparison purposes, the thermal resistance
of a 1 wil thick layer of GE-7031 varnish of similar ecross-
section is approximately 50 KfH.l? |
After placing the hot heater onto the sample, the vacuum
can was put in place and the crvostat evacuated. The time
between removal of the sample from the DC-200 fluid and the
end of rthe mnuntiﬁg procedure was between 60 and 90 seconds;.
in addition it took about 2 minutes to evacuate the system
to 100 microns. pon opening the system, there was always
some oxidation present on the surface of the sample alfhnugh
there was seldom any in the viﬁinity of the thermometers.
Afrer evacuation, the cryostat was cooled sluwly to

. liquid nitorgen temperatures.  All of the samples were slow-

couled,l meaning that it took from & to 2 hours to reach 77K.
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Using sueh a procedure, it has been shown that, in very pure
potassium, the electrical residual resistivity ratio can be
doubled over that obtainable by quenching the sample from 300K
to ??K‘l

D. Calibration, Testing and Measurement FProcedure

The germanium resistance thermometers used in this experi-

18 For cali-

ment were calibrated against a commercial standard.
bration, all thermometers were placed in a large copper block
that was attached to the platform of tﬁe cryostat described
previously. The resistance aof all themmometers was determined
at many temperatures between 1.2 and 20K. A cuxve fitting
routine using Chebyschevw polynomials gave calculated tempera-
tures that matched the measured ones to within 1 mK below 5K
and within 4 mK above 5K. Below 4.2K, the thermometer cali-
bration was also checked against the vapor pressure of liquid
helium.

The thermal resistivity data are taken in the following
manner; Power is applied to the cold heater HI until the
cold thermometer resistance indicates that the'desired tempera-
ture has been reached; the resistance of each thermometer is
then measured. This gives the zero-heat-current temperature
difference and acts as a correction for small calibration errors

and heat leaks into the thermometers. Power is next applied to

the hot heater H2 while power in the cold heater is adjusted to
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bring the cold thermometer back to the correct temperature.
Agaln, the resistance of each thermometer is measured. The
thermal resistance is calculated from the hot heater power
and the true temperature differemce. The gradients used were
less than 50 mK below 4.2, less than 100 wX between 4.2 and
8K and less than 200 mK above 8K.

Because of the relatively poor thermal conductance between the
thermometer and the specimen, self-heating st be kept to an absolute
minimom. To ascertain whether these quantitles had any
undesirable effects upon our measurements and to test the
apparatus in general, several runs were performed on indium
gpecimens following essentlally the same mounting procedure
as used for the potassium. The temperature dependence of the
thermal resistivity of a typical indium specimen is showm in
Fig. 2 plotted as WT vs. T3 (see Eq. (14)). Results for other
specimens as well as those of other workers are given in
Table II. Qur results are in good agreement with literature
values. The thermal resistivity showed no dependence upon
either heater or thermometer power within the experimental

range of these parameters.



III. RESULTS AND DISCUSSION

The temperature dependence of the thermal resistivity W
of potassium is shown in Figs. 3 through 9. To ‘facllitate
comparison with recent theoretical caleculations, Figs. 3 and 4
shows WTITZ as a function of the temperature, where HTT is the
experimentally determined temperature dependent portion of WT,
A smooth extrapolation to zere temperature of WT ags a function
of T3 1s used to obtain the temperature independent portion
of WT; the zero temperature intercept is then subtracted from
each of the measured points to obtain WT. The data in Figs.

3 and & are representative of all samples that were measured;

the large amount of scatter in the low temperature data arises
from problems inherent in subtracting two nearly equal numbers.
Data plotted in this manner emphasize deviationz from the simple
Bloch theory of thermal conductivity. 1If only normal electron-
phonon scattering were important, then the thermal resistivity
should inecrease as T2 for T E_O.I_ED, wheare BD is the Debye
temperature @D s 90K for pﬂtassiumlg) ; such behavior would
coxrrespond to a straight, horizontal line in Figs. 3 and 4.

The solid and dashed curves shown in Figs. 3 and &4 are
theoretical curves calculated by EkinEu using the Kohler vari-
ational methed; as indicated in the figure captions, each curve
corresponds to a different pseudopotential. Electron=-phonon

umklapp processes are specifically included in the calculation
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and appropriate measured parameters for potassium (such as the
phonon - spectrum and lattice constant) were ueeﬁ. Also, the
phoron system is assumed to be in equilibrium; that is, no
phonon drag effects are included. The theoretical curves in
Fig. 3a were calculated using the trial function

=Rl -w) W
vhere k is the electron wave vector, 4 is & unit vector in
the direction of the thermal gradient, 1 is the chemical
potential and € is tﬁe electron energy. This trizal function
is the exact solution to the linearized Boltzmann equation in
the relaxation-time approximation. 1In Figs. 3b and 4, ﬁhieh
show results for intermediate and high purity samples, the

calculated valuesz were obtained using a corrected trial function,

= k(e - w1+ ;am:'.[')(‘“'?fE )2], (2
where a(T) is a varlational ﬁarameter. Qualitatively? the
calculations agree very well with the data. The definite
Yhump” in the data is due to ﬁmklapp scattering, and corresponds
to large wave-vector phonons being frezen out of the phnnen
distribution at the lower temperatures. As the temperature
increases, larger wave-vecter phonons aee excited, inereaeing
the amount of umklapp scattering and thereby increasing W.

For.the-very impure samples, the quantitative agreement

between our measurements and the calculated values is very
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good, even though a very simple trial function is used to cal-
culate the temperature dependent portion of the electronic
thermal resistivity. 1In the treatment that follows we show
explicitly that if a particular scattering mechanism is
dominant and Lf that wechanism can be described by a relaxzation
time, then the relaxation=-time trial function can be used to
obtain the temperature dependence of those scattering mechanisms
21

not describab¥ by a relaxation time.

The electrical and electronic thermal currents in a

metal are given, respeatively, by

I, - f,;'E-E + I;,;pﬂ (3)
B - iTE'E + f:E".'l‘,wT &)
where the L,. are elements of the thermwelectric temsor.

1]
In zero magnetic field the tensors reduce to scalars for

materials having cubic symmetry. Therefore from Eqs. (3) and
(4}, 1t follows that

g=1L

EE
He = '(LTT - LEELTE)
EE
Q= ~Lpp/Lgp

where g, o and @ are the electrical conductivity, electronic
thermal conductivity, and the thermopower, respectively. Using

the Onsager relation, L, = -LTEIT, one obtains
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n, = ~(Lpp + Qsz) . (5)

Using the free electron theory of metals, an order of magni-
tude estimate can be obtained for the second term in the
bracket of Eq. (5). Taking a Fermi energy of 2.1 eV for potas-

22

sium gives Q ~ 60 nV/K at 5K. Thus for potassium having a

residual resistivity rati023 of 100 (very impure), one obtains

Q2Th ~ 3 x 10-?chm-K; For potassium of this purity, N
is typically greater tham 1 W/cm-K, so thermoelectric effects
can be ignored. Hence we have Mg = -LTT and JQ = *uEvT .

The thermal current can be written as

: ST TR O
30 3 Jdk £(c - w)vg (6)

where ;E is the electron veloclty and fE the electron distri-

bution function which is obtained from the Boltzmann equation:

-} i afe
_-r' k-e-i l-—r . k=_1_._ =y » —Fe -'r'-ﬂr- " st
YK'ar ﬁ(E TeVR ¥ ﬁ) 53 4n3*Jdk {fk'<1 fk)Q(k’k} fE(l fE')Q(kk )}
{7a)

When linearized, the Bolizmann equation can be written as (for

zero external electric and magnetie fields)

S EETORNEN

Bﬁﬂ

Idﬁ'(ir - § YRR, K'Y = W)
{(7b)

A
kT
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where
£ = f‘-’» + kg (-9, Tin (8a)
Bfﬂ
n= (- deg )* (8b)
and

= - E - 9. — r"l‘
P(R,R') = £201 - 20D

Q(k,k") is the transitlon probability from state k to k',
f% is the equilibrium distribution fumction, and the temperature
gradient is taken to be in the x-direction.

The total scattering probability can always be written
as the sum o0f the individual scattering probabilities.
Here we consider two scattering mechanisms. If one of the
scattering mechanisms can be described by a relaxation time T,

then the collision integral may be written as
Wen) = - 3+ w'n) (9

where W'(n) is the collision integral for the second scattering
process, one which cannot be described by a relaxation time.

It should be noted that this does not amount Eo assuming
Matthiessen’s rule to be wvalid. 1If the scattering mechanism
deseribable by a relaxation time is also the dominant one,

then substituting Eqs. (8) and (2) into Eq. (7) and iterating

ylelds m to zeroth and higher orders; namely

( “k (-E-—‘—E)v-r (10)
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My =M, *WI(n) (11)

Ny = Ay + W [TW (n,)] ‘ (12)

Substituting Eqs. (8a), (10), and (1l1) into Eq. (6) and noting
that, for a crystal with cubic symmetry, »_ = -JQI?T, one

obtains

< (- ) 5T L [ (5 ey

E'.

The first integral on the right is L the thermal conductivity
when only the dominant scattering mechanism is present. When
both mechanisms are present (but W} ~ lfuT is gtill dominant)

it follows that

E S A W'(nu}]

jdk wn[-w ( ae* * )]
=W+ —af 3 {13)
‘1fﬁ"3Idk kg ¥ (E'”)( aep: )‘

The second term on the right hand side is just the variational

He - lfﬂ.e =

expression for the thermal resistivity if the first order
deviation function wo’ is identified as the trial function.
W' (n) is the collision integral for the other scattering
mechanism. When the simple trial function, Eq. (1), is used

to calculate w*, one readily obtains the Wiedemann-Franz law
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and thus HTT is independent of temperature.

Impurity scattering is generally considered to be dsotropic
and amenable to a relaxation time approximation. For our very
impure samples, we will assume that electron-impurity scattering
is the dominant scattering wechanism and that it can be des-
cribed by a relaxatrion time. Taking W'(nﬂ) to be the electron-
phonen collision integral and noting that the second term in
Eq. (3) is just WT, one observes that, in the impurity dominated
case, BEgq. (1), used as a trial function, ylelds the temperature
dependent portioen of the electronic thermal resistivity due
to electron-phonon scattering. Thus it is not surprising that
the simple trial function (often called the impurity or "dixty
limit" trial functionm) yields calculated values that atre in
excellent quantitative agreement with the experimental results,
as shown in Fig. 3a. One expects calculations done using the
Impurity trial function, Eq. (1), to become increasingly less
accurate as electron-phonon scattering becomes more important
because the impurity trial function becomes an increasingly
poorer description of the real deviation function.

Figure 4b shows results for sample K-9, the purest sample
shown; at low temperatures the data lie 10 to 20% below the
calculated values even when the corrected trial function,
given by Eq. (2) is used. (This corrected triazl function has no

particular physical meaning but is merely an attempt to obtain
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lower values of the varlational calculatiun.} E.kin20 points
out that below 4K the corrected trial function vields a thermal
resistivity that is estimated to be about 10% too high. This
is insufficient to account for the cbserved difference.

This difference between theory and experiment should be
contrasted with the electrical case, where calculations using
the various pseudopotentials bracket the results for both pure
and impure samples-l Except perhaps for the very impure
samples, the thermal resistance calculation is not as good as
the electrical resistance caleculation. The correct pseuda-
potential should be the same for the electrical &r thermal
case; since the electrical calculation is very good, the pseudo-
potentials used should be reasonably accurate reflectioms of
the true ion potentials. Hence the observed differences can
probably be attributed to the choice of the trial function.

The two most obvious possibilities in this regard are neglecting
both phonon drag and any anisotropy in the electron distribution
function. Roy and Wilkinsza have calculated the effect of
phonon drag on the electrical and thermal resistivity. They
find that the magnitude of the phonon-phonon relaxation time

is quite critical in establishing the drag resistance. However,
when experimentally determined phonon-phonon relaxation times
are used, the drag resistance turns out to be only a few tenths

of a percent of the totzal resistance, negligible for the
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purposes of this discussion.

As the temperature is reduced, umklapp scattering will
be confined to the areas of the Fermi surface nearest the
zone bhoundaries ((ﬁ.lD)direatiuns). Such localized (in wmomentum
space) phonon scattering, similar to the sc-called "hot spots"
of Young,zs could play a significant role in detemmining the
transport properties of potassium. 1In particular, such localized
scattering will create an anisotropic distribution function.
The trizl function used in the variational calculation should
reflect this anlsotropy. The effects of such an anlsotropic
distribution function have been calculated for the electrical

6 In that case, the magnitude of the wumklapp

resistivity.z
scattering contribution to the electrical resistivity is reduced
by 10 to 15% while the normal compoment is unaffected. The
umklapp contribution to the electrical resistivity exceeds

that due to normal scattering by a factor of & to 5 whereas

in the thermal resistivity both mechanisms contribute about
equally in the 2 to 8K temperature range. Thus it is likely
that the effects of including an anisotrepic trial funckion

in a ealcularion of the thermal resistivity will be an orxder

of magnitude less than in the electrical case, and therefore
insufficient to account for the observed differemces. Hence

it appears that the difference between theory and experiment

is not likely to be found in the gross approximations that have
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been made but rather ir the more subtle behavieor of the energy
dependence of the trial function.

Referring again to Figs. 3 and 4, it is evident that,
with the exception of the most impure samples, the measured
thermal resistivity above BK does not change as rapidly as the
calculated thermal resistivity. HTsz decreases more rapidly
for impure specimens than for the pure specimens, but as

_discussed below, this behavior ig due to lattice thermal
conduction., Therefore, for all specimens the calculations seem
to underestimate the high temperature eslectronic thermal
resistivity.. Reasons for this are not clear. As far as the
tenperature dependence is concerned, electrical resistivity
calculations vield excellent agreement with the experimental
results over the whole temperature range;1 again, this indicates
that the various pseudopotentials are not grossly incorrect.
The main dJifferences between the electrical and thermal resis-
tivity are the roles of small angle and inelastic scattering.
Pseudopotentials are generally considered to be quite good
when used to calculate the éffects of small angle scattering.
Therefore the energy dependence of the pseudopotential and

the treatment of inelastic scattering appear to be possible
explanations for the difference between the electrical and
thermal cases. Yet another possibility may be related to the

observed deviations from Matrhiessen's rula.




=73-

The temperature dependent portion of the measured thermal
resistivity, which we have identified as WT’ will not be due
entirely to electron-phonon scattering, but, as is shown below,
can contain an additional temperature dependent term. With
only electron~-impurity scattering present, the electrons, under
the influence of a temperature gradient, will reach a steady-state
distribution, féﬁp- Similarly, with only electron~phonon
gscattering present, the steady-state distribution will be fEh.

In general, fﬁh will not be equal to f%mp.

When both types of
gscattering are present simultaneously, the resulting steady-

state distribution will be a compromise between the two.

The result of this is that when both mechanisms are present,

the total resistivity is greater than the sum of the resistivities

when each mechanism acts separately. Thus, the total resistivity

can be written as
W = wimp(c} + th(T) + §{c¢,T)

where wimp(c) and wﬁh{T) are respactively, the impurity and phonon

resistivities with each mechanism acting separately. 6(c,T),
which can be shown to be always positive, can depend upon both
the impurity concentration and the temperature. The variational
calculation is done with a trial function that yields the best

values of Wﬁh(T) whereas the experimental data, W,_, contain the

T

additional term & {(¢,T). In the electrical case it is known

that §(¢,T) can have a temperature dependence different from
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that of Hﬁh(T).z? 5(c,T) will be small at éhe lower tempera-
tures but deviations from Matthiessen's rule might account for
the observed difference between theory and experiment at the
higher temperatures. In order to actually calculate a value
for &{c,T) with any degree of accuracy from experimental data
the specimen geometrical factor must be known very well. In
this experime;t the geometrical factor is not known with
sufficient accuracy so no attempts have been made to extract
a value for 5(c,T) from our data.
We can, however, demonstrate deviations from Matthiessen's
rule at low temperatures by comparing the coefficient B (see
Eq. (14) below) for samples of different purity. The purity
dependence of B is ghown in Fig. 5. (The estimated error is 5%.)
The 50% change over thils purity range is larger than the corres-
ponding deviations (30%) observed in the electrical resistivity-l
The curve drawn through the data points In Fig. 5 1s only meant
to indicate the general tremd in the data; B is essentially
constant in the low purity range, decreases as the purity
Increases and then tends to become constant for high purities.
The present experiments show quite clearly that umklapp
scattering plays an important role in determining the low tempera-
ture therwal resistivity. However, the temperature dependence
is not very much different from what one would expect if only

normal scattering were present. Figure 1 of Ref. 20 shows the
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calculated thermal resistivity decomposed into the separate
contributions due to normal and umklapp scattering. In the
temperature interval from 4 to VK, umklapp scatteringcontributes
as mach as 50% to the total thermal resistivity. Even so,
the total thermzl resistivity is closely represented by a T2
dependence. This should be contrasted with the electrical case
where umklapp scattering contributes as much as 4 to 5 times
the resistance of normal scattering in the same temperature
range and the electrical resistivity cannot in any sense be
described by a simple power law. It is a curious coincidence
that just when the thermal resistiviey due to the normal processes -
beging to deviate below a T2 dependence, the resistivity due to
urklapp processes increases in nearly the correct proportion to
give a total thermal resistivity having a quadratic temperature
dependence; this extends the regime over which the simple T2
law appears valid,

This simple power law behavicr 1s best illustrated by
displaying both the theory and experimental resulets in the more
standard form shown in Figs. 6 and 7. The expression generally

used to describe the electronic thermal resistivity of a metal is

A 2
W, = 3 + BT (14)

Here BT2 represents the electron-phonon scattering contribution

to the resistivity, usually calculated using the Bloch theory and
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A/T is the thermal analog to the electrical residual resistivity;
A= Fobe, where Po is the electriczl residual resistivity and
L, is the Lorenz number. The results of calculations using

the Bardeen pseudopotential and the uncorrected triasl function
are shown in Fig., 6. (These are the same results as the solid
curve in Fig. 3b.) This pseudopotentiazl was chosen because it
glves the greatest low temperature curvature and therefore

has the greatest deviation from a straight line om such a plot.
The scale of the abscissa is the same as that used when plotting
the experimental data to cbtain {WT)T=0' Above 3K, the theory
is closely approximated by a straight line but there is some
‘upward curvature at the lower temperatures. Because of this,
data should be taken to fairlylow temperatures sc that (WT)T=0
can be determined accurately. 1In the less pure samples, the
percentage error introduced by extrapolation from a high tempera-
ture will be small; however, it can be as laxge as 10% in

the purer samples. (Note that the other pseudopotentials will
glve a much smaller curvature which represents a smaller pecssible
extrapolation error.} Such an error will always overestimate
the residual resistivity ratio and can cause large errors in
determining the temperature dependent portion of the thermal
resistivity. However, the percentage error in HT will decrease
with increasing temperature. Figure 7 shows the measured tempera-

ture dependence of the thermal resistance of potassium when
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plotted as WT wvs. T3. The relevant specimen parameters as
well as those parameters describing the curves (A and B, Eq.
{14)) in this figure are listed in Table I. The residual
resistivity ratios listed in Table I have been obtained using

the experimentally determined values for (WT) and assuming

=0
the Wiedemann-Franz law to be valid., Values for B were deter-
mined from the data between 4 and 8K. Beth A and B are accurate
to about 5%, the major error arising from the determination

of the erxross-sectional area.

To facilitate comparison with other work, the thermal
conductivity as a function of temperature for representative
gsamples is shown in Figs. 8 and 9. The solid curves in Figs.

8 and 9 are calcualted from Eq. (14) using the experimentally
determined values for A and B given in Table I. The dashed
curve in Fig. 9 is computed in a similar manner except that
the lattice conductivity, which iz appreciable, has been
1'.1'11'::11.tt.‘1na+t:l.20

Our results are in reasonable quantitative agreement with
those of MacDonald, White and andslo whose measurements were
done on potassium encapsulated in small glass capillaries.
pifferential thermal contraction will strain such potassium

23,28 the resulting effects can introduce significant

samples;
errors in the electrical resistivity amd, presumably, In the

thezmal resistivity as well. Because of this, it does not seem
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reasonable to make any further comparisons with thelir data.

Our results are in conslderable disagreement with those
of Stauder and Hielczarek.11 We see no evidence for any
anomalous contributions to the thermal resistivity in any of
th potassium samples that we have measured, whether pure
or impure or in either single or polycrystalline form. (Samples
K-16 and K~15 are in the same purity range as the single
crystals measured by Stauder and Mieleczarek.)

In an attempt to determine possible reasons for the differ-
ences between our measurements and these of Stauder and Mielczarek
we have compared our experimental technique with theirs.

There exist a number of difficulties which we feel invalidate
mich of their data: several of them are listed below.

1)} Copper leads were used to make electrical connections
to tha thermometers. The low thermal resistance of such leads
(about 0.01% compared to our resistance of 3) gives poor
isolation between the thermometers and the liquid helium bath.
Poor thermal isclation is particularly troublesome when the
sample-to~thermometer thermal resistance is high as is likely

when making contact to teactive materials such as potassium.

2} As far as we could determine, no attempt was made to
compare their two germaniuvm thermometers apainst one znother
or to take a zero-power-input temperature difference to use

as a correction for small heat leaks and small thermometer
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calibration errors (see Section 1I1D). They used commercial
calibrations which are, in general, only accurate to SmK.
When small applied temperature differences are used large
errors In W will result, Note that ocur thermometers were

both calibrated against the same standard.

3) They do not report any attempt to use their method to
measure a metal such as indium or copper, whose thermal conducti-
vity is known. If such measurementsz had been made, under the
same experimental conditions as used for pntaésium, and the
apparatus shown to perform properly, then doubts raised by the
first two possibilities might be eliminated,

In the absence of any such calibration measurements and
in view of the problems raised above we must conclude that
the anomalous results reported by Stauder and Mielczarek
are not a property of potassium.

Figure 10 shows the calculated lattice thermal conductivity
of potassium as a function of the temperature-zﬂ The lattice
conductivity values in Fig. 10 were calculated by Ekin assuming
only phonon-electron scattering; phonon-impurity scattexing
has been neglected. Archibald, Dunick and Jarichoaﬂ have
measured the lattice thermal conductivity of extremely Impure
potassium~cesium alloys. When their results are compared with
theory, phonon-impurity scattering is found to be quite important.

Our "dirty" samples are an order of magnitude more pure than any
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of their specimens so such scattering will be muchk less important.
However, phonon-impurity scattering will increase with temperature.
Thus the calculated thermal conductivity plotted im Fig. 10
should be regarded as an upper limit, particularly at the
higher temperatures.

The heat current carried by the lattice will he added to
the electronic heat current; therefore, when lattice conduction
cannot be neglected, rhe measured thermal resistance will be
less than the resistance due to electronic conduction alone.
Comparing the curve in Fig. 10 with those in Figs. 8 and 9,
one sees that below about 6K the lattice term can be neglected
in all but the most impure specimen. For reasonably pure
specimens (RRR > 2000}, the calculated lattice conduction is
less than 1% of the total conduction at 6K. At higher tempera-
tures the lattice becomes more important. Above 20K, the lattice
can account for as much as 50% of the heat conduction depending
on purity. However, for impure samples the lattice conductlvity
may be very important at lower temperatures. For example,
in sample K-16, having a residual resistivity ratio of 195,
lattice conduction accounts for about 13% of the total heat
conduction at 10K. The lower curve In Fig. 9 represents a fit
to Eq. (l4) where A and B are determined from the data below
BK. If the lattice conductivity given In Fig. 10 is simply added

to the conductivity given by Eq. (l4), one obtalns the upper
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curve in Fig., 9. It is quite evident that the correction is
large at the higher temperatures. As the purity decreases,
lattice conduction becomes an increasingly larger fraction
of the total conduction. As previously mentioned this is
responsible for the decrease in WT!'T2 for the more impure
samples being more rapid than in the purer specimens above
8K. (No corrections for the lattice conductivity have heen

made for the calculated curves shown in Fig. 8.)




IV. CONCLUSION

We have presented evidence showing that the low temperature
thermal registivity of potassium can be adequately explained
using semiclassical ideas. The importance of umklapp scat-
tering has been demonstrated. Umklapp processes become important
between 2 and 3K and eventually become responsible for about
50% of the total thermal resistivity. However, the temperature
dependence of the normal and umklapp contributions to the
thermal resistivity complement one another in a manner that
results in an apparent T2 law for the total thermal resistivity
to temperatures greater than EDIID.

Detailed comparison between theoxy and experiment shows
that the agreement is better at low than at high temperatures.
The fairly large observed deviations from Matthiessen's rule
might be responsible for the disagreement at high temperatures.
and it would be useful to sttempt to include both electron-
phonon and electron-impurity scattering in the variational
calculation to see how this affects the temperature dependence
of the thermal resistivity.

No anomalous electron or phonon contributions to the
thermal resistivity are observed. The effects of lattice
conductivity are clearly present even in samples of intermediate
purity; this additional conduction mechanism must be taken Into

account if accurate comparisons with theory are to be made.




-33=

The existence of a sizable lattice conductivity in even

reasonably pure samples makes the thermal resistivity a much
more difficult transport property to analyze than the

elactrical resistivity.
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Fig. 2:

Fig. 3:

Figure Captions

The Cryostat: HS1 and HS2 are heat stations, HS1

is comnnected directly to the bath; § is a stainless
steel platform with a copper rod C around the peri-
meter; T are the measuring thermometers and R is

the control thermometer; Fo is a pleated copper foil,
Ca the thermometer holder and Ge the germanium
rasistance thermometer; P ig a small press; F is a
tapered flange and V are the vacuum lines.

Thermal resistivity of indiun multiplied by the
temperature as a function of T3; Indium was measured

as a check on the measurement procedure.

Temperature dependence of WTsz where

WTT = WL - (WT)T_G {see text) for

{(a) sample K-15, (b) sample K-14, The curves are
theoratical values calculated by Ekin using different

pseudopotentials: solid line f; 3, Bardeen

pseudopotentizl; broken line (-=======- }; Lee-Falicov

pseudopotential; double broken line ( -~ ¥,

Ashcroft pseudopotential. The relaxation time trial
function, Eq. (1), was used for the calculations in
{a} and the corrected trial funetion, Eq. (2), for

the calculatiens in (b).
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Fig. &4:

Fig. 5:

Fig. 6:

Fig. 7:

Fig. &:

F].._gl- 9:
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2 for {a)

Temperature dependence of HTfT
sample K-13, and (b) éample K-9. The curves are

the same as shown in Fig. 3b.

The coefficient, B (see Eq. (14))}, as a function of
the residual resistance ratic, RRR. The open circles
are dat# from this wurk; the closed cirecle is fraﬁ
Ref. 30,

The calculated thermal resistance given by the solid
curve in Fig. 3a replotted as WT ver#us_T3. The
dashed line is an extrapolation of the linear, high
temperature region.

The measured thermal resistance of potassium times

3.

the temperature as a function of T ; {a) fer samples

K=9, K=15 and K~16, and (b) for samples ¥K-11, K-13

and K-14,

Thermal conductivity x as a function of temperature

for potassium samples r&nging in purity from RRR = 6000
to RRR = 195. The curves are calculated from 1/n =
AT + BTZ- (See Eq. (l4)and Table I.)

The thermal conductivity as a function of temperature
for the lowest purity sample, X-16. The sglid line

is caleulated from 1/u = A/T + BT (see Eq. (i&)and

Table I}. As described in the text, the broken line




includes the lattice thermal conductivity in the

caleculated values.

Fig. 10: Theoretical lattice thermal conductivity as a function

of temperature {(from Ref. 20).



TABLE 1

Sam.plea AP=(WT}T=D ) Bb RRES Type Widthd Thicknessd
(10" 2cm x%/w) (10" 3cm/w) () (en)
K-9 4.8 1.53 6130 poly. 7.0 1.0
K-10 Gab 1.65 4455 poly. 7.0 1.0
K-11 16.5 2.23 1780 poly. 3.5 1.0
K-12 6.8 1.72 4325 poly. 3.0 1.0
"K-13 . 5.5 1.73 5345 poly. 3.0 1.0
K-14 7.1 1.94 4140 single 5.0 1.0
K-15 26.8 2.35 1095 single 3.0 | 1.5
K-16 151.2 2.38 195 poly. 3.0 1.0
K-17 4.5 1.80 6535 poly. 3.0 . 1.0

a2 . Our potassium was purchased from MSA Corporation, Evans City, Pennsylvania.

b. The coefficients A and B are obtained by fitting the data te W = A/T +-BT2 as described
in the text.

¢. The residual resistivity ratio is determined using the Wiedemann-Franz law; see Ref. 23.

d. The thickness measurements were accurate to better than +0.05 mm while the width measurements
are accurate to about +0.1 wm,




TABLE II

4% (em K2 /W) B2 (10" 3em/w)
Hulm® .138 1.89
In A .014 1.64
In B 009 1.51
In ¢ . 0085 1.41
Jones and Toxen® 0034 1.11

a. A.and B are coefficients obtained by fitting the data to
W = A/T + BT
b. J. K. H.u}-m:. Proc. RUF* Soc. Azﬂll', 08 (1950}-

¢. R. E. Jones and A. N. Toxen, Phys. Rev. 120, 1167 (1960).
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