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ABSTHACT OF THESIS

The Thermal Conductivity of Magnesium between (ne and Four Degrees
Kelvin _

Ry: Bugene G. Sharkolf

Submitted to the Department of Physics on 25 = August, 1952, in
partial fulfillment oi the requirements for the degree of Master
of Science.

The thermal conductivity of magnesium was measured at tempera-~
tures between 1.25 and 4.7 degrees Kelvin. A normal metal has a
thermal conductivity which is directly porportional to the absolute
temperature. Measurements on a sample of magnesium which was known
to have an electrical resistance minimum showed a slight decrease
over the values which would be expected from a normal metal, The
values were noticeably lower than those anticipated in a normal
metal at a temperature of 1.25 degrees Kelvin; and approached
normal values until the temperature was approximately two degrees.
Kormal linear behavior was found between two and four degrees
Kelvin., The normal thermal conductivity for the sample measured
was found to be 0.Q82 watis per centimeter-degree per degree Kelvin,
The departure from normality at the lower temperatures measured
was in the same direction as that which one would expect if the
phenomenon which causes the electrical resistance minimum were to
affect ithe thermal conductivity of a material in the same way that -
it affects the electrical conductivity.
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INTRCDUCTION

Measurement of the thermal concuctivity of Magnesium is im-
portant as an aid to understanding the phenomencn which produces
an electrical resistance minimum in magnesium. This electrical
resistance minimum efiect was found to be dependant to a large
extent on the amount of manganese impuriiy present in the samples
measured by H. E. Rorschachl.

In normal metals, in the helium range of temperatures, lattice
site scattering has become negligible. One would expect that
impurity scattering of the electrons which conduct both the
heat and the electricity would be independant of temperature,
since the impurities are fixed, and their scattering cross section
should be approximately constant, If these assumptions are ftrue
for a normal metal, then the electrical resistiviiy should be
a constant, and by Sondheimer's prediction? that L=-&—'

ol of
temperature pro-

holds at temperatures much lower than the %ﬁbye‘
vided L is higher than its usual value, %;- (
we arrive at the conclusion that for a normal metal, the thermal
conductivity should be proportionzl to the Iirst power of the
temperature. Experiments on the thermzl conductivity of copperv5
and aluminum4, give this temperature dependance for the thermal
conductivity. oSince the resistance minimum in magnesium has been
shown to be an impurity efiect, one can only assume that the scat-
tering cross-section of the manganese impurity, is temperature
dependant in such a way as to increase the cross-section with
decreasing temperature., This lncrease in cross-sectiocn should
show up in thermal conductiviiy measurements as an additional
decrease in the conductivity over that proportional to T as the
temperature is lowered.

Historically, C. H. Lees? worked out the techniques for

measuring thermal conductivities at low temperatures, in 1908,



and gctually made measurements of several metals down to 8%° K.
Lees used platinum thermometers to determine the temperature
gradient along ‘a rod through which a known amount of heat was
flowinge >

Schott6 and Gruneisen7 used thermocouples as thermometers to
make measurements in the liquid hydrogen range ol temperatures.
de Hazs® used 2 single helium gas thermometer, and a known bath
temperature to carry the measurements to the licuid helium range
of temperatures, in 1934 and later.

The technique first used by de Haas has since been improved
by the use of two thermometers inside the calorimeter which
eliminates the errcrs introduced by the-temperature drop at the
interface between the sample and the bath.



DESCRIPTICN OF AFiARATUS AND METHOD OF NuASUREMENT

A sample of magnesium approximately six inches long was machined
to a diameter of .140 inches for about four inches along its
center, leaving an enlarged portion on each eﬁd. One end was
drilled and tapped to receive a 10 - 32 screw., The other enlarged
portion was used ito support a non-inductively wound constantan
heater of approximately 110 ohms resistance. Cigarette paper
was used to insulate the heater from the magnesium rod. Two
lead rings were next cast around the smaller diameter portion of
the sample, using a two-piece graphite crucible which fitted
tightly around the magnesium rod. Casting the rings around the
magnesium rod gave a shrink-fit to the rings. Since lead has a
higher coefficient of thermal expansion than does magnesium,
as the temperature was lowered, the rings gripped the sample more
tightly, giving excellent thermal contact with the sample.

Two 100 ohm Allen~Bradley carbon composition resistors
were then soldered to the lead rings. Differential contraction
again aided in giving good thermal contact between the rings and
the resistor leads, Allen-Bradley resistors were used because
other experimentors have fcund that the leads remain in good thermal
and electrical contact with the carbon composition at all
tempefatures used in this experiment,

The Calorimeter used to evacuate the space around the Mg.
sample was made of Kovar-sealing glass with a Keovar cup at the
bottom, and a five-lead press at the itop. A pumping lesd was
taken from the top of the calorimeter which lead to a two-stage
01l diffusion pump which worked in conjunction with a Cenco Me-
gavac forepﬁmp.

A copper screw was inserted in the Kovar cup at the boettom
of the Calorimeter, and the sample was screwed onto the screw.
Differential contraction again insured good thermal contact. The
leads from the resistors and the heater were number 44 copper wire,

-.5_



at lezst four inches long. Leads ol this size give a very small
heat leak froﬁ the sample while providing good electrical contact,

An A - C bridge excited by a 33 cps stabiliged oscillator,
was used in sz null measurement to indicate either the resistance
of the lower resistor, or the ratio of the upper resistor to the
lower. These measurements gave the temperature of the lower end
of the szmple. and the temperature difierence along the rod between
the two resistors, which in turn gave the thermal conductivity
when a known amount of heat was put into the heater at the top
of the sample., The output of the bridge was put into a step-
up transformer, then into a Ifrequency selective amplified, with
a gain of about 20,000, and then into a cathode ray oscilloscope
which was used as a null detector. The noise level at the oseillo-
scope corresponded to an input at the bridge of about one microvolt.

The frequency selective amplifier was a standard piece of
equipment in the low temperature laborstory which uses three stages
of amplification, each of which has a twin tee network in the
feedback path.

Temperature regulation was obtained by the use of a barostat
pressure regulator which is also a standard piece of equipment,

It was useful in the range between 1.6 and 4.0 degrees K. Below
1.6 degrees, the pump was set and the system was allowed to come
t0 equilibrium before taking a measurement.

It was found that a pressure of less than 5 x 10"§ mm of Hg
was needed in the calorimeter in order to prevent heat flow zlong
the gas in the calorimeter from affecting the apparent thermal
conductivity of the sample,

A Cenco HypérVac pump was used to pump on the helium bath
surrounding the calorimetef for temperaztures down to 1,6 degrees K,
and a Kinney model DVD 8810 pump was used to reach the lowest
temperatures reported.

A bottom-filling helium Dewar was used which greatly increased
the efficiency with which helium was transferred. The bottom-filling

Dewar makes use of the helium vapor for cooling the sample to the
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helium condensation pdin‘t. _

In order to obtain the thermal conductivity of the sample,
one must know all the quantities except the thermal conductivity
){ in the following équation which defines ){ .

Qa}i—ﬁ#‘:—r or x:%— ([)

aT

Q is the steady-state heat flowing along the sample
A is the cross-sectional area of the sample

where: L is the length of the sample between the two
thermometers

AT is thé temperature difference between the
twe thermometers

The resistors were calibrated both in the dzalorimeter and
directly in contact with the helium bath, and were found to
follow the law R =4 R, 1’-%?— (2)

Since we are only interested in AT which is small compared
to 7, we may difierentiate, giving -‘fv-_-‘_f-éz &)

. . . . T VY]
Ignoring the negative sign, we find that AT&'I-Q—-‘#R (3})

With the bridge set-up used, we actually measured R and
a quantity proportional to the ratio of the two resistors,
both with and without the heat flowing through the sample.
The measurement of R gives the temperaiure directly from

R

of the two ratios by their average. We therefore have AT.

equation 2 above. is obtained by dividing the difference

A was found to be 72.5 by measurement, and Q was determined
by measuring the amount of current flowing through the 110
ohm hester. Thus the measurements taken give the thermal
conductivity through very simple calculations.




RESULTS

The thermal conductivity of magnesium was measured from
1.25 to 4.7 degrees Kelvin, and the results are shown in Figure
1l in graphical form.

The thermal conductivity of & normal metal is directly
pronortional to the absolute temperature at temperatures where
the lattice conduction is negligible ccmpared to the elecironie
conduction, ZExperimenters have found that lattice conduction is
negligible compared to electronic conduction in the liquid
helium range of temperatures, Solving the Beltzmann. transport
equaticn for the electronic thermal conductivity gives the normal
metal behavior mentioned above. At 1.25 degrees, the conductivity
was avrroximately 20% below the value to be expected Ifrom & normal
metal. This result indicates that the mechanism ﬁhich causes the
electrical resistance minimum phenomenon to a. pear, acts at leasf
qualitatively in the same manner on the thermal transport
mechanism,.

The scattering in the datz at the lower temperature end of.
the experimental curve was due to a lack of sensitivity oI the
measuring eguipment which was used., This lack of sensitivity was
due to the very high internal impedance of the bridge as seen from
the transformer primary. Since the impedance of the transiormer
primary at 3% cycles was about 2,000 ohmsg, and the bridge impedance
varied from about 1,000 ohms to about 200,000 ohms at low temperatures,
the lcss in gain was enough to cause the loss in sensitivity which
caused the scatter of points at the lower end of the experimental
Curve.

The points shown on the thermometer calibration curve are
those taken on August 15 and 19, at the same time that the rest
of the data was taken, It is interesiing to note that the best
representative curve for this data is the same as the best
representative curve for those same thermometers when they were



originally calibrated early in June, even though they have been
used as thermometers at liquid helium temperatures at least

ten separate times,



SAMFLE CALCULATICR

In orcer to find the thermsl conductivity from the data
taken during the experiment, the following things were dones

The temperature of the sample was determined from the
resistance of the lower thermometer while the heat was flowing
down the rod. Since the temperaiure difference along the rod
was small compared to the absclute temperature of the sample,
at all times, no appreciable error was introduced by consider-
ing the temperature of the lower thermometer that of the
sample.

A quaniity proportional to the ratio of the upyer ther-
mometer resistance to the lower thermomeier resistance, was
measured both with and without a known quantity of heat flowing
through the rod. The quantity measured with the heat flowing
wes subtracted from the quantiiy measured without the heat
flowing, and this number was divided by the average of the two
readings. This calculation gives %% which, when divided by
the slope of the plot of InR vs{%—, and multiplied by Tz, gives
the temperature difference along the sample between the two
thermometerse.

Since the resistance of the constantan heater remains
constant at 110 ohms over the temperature range covered in the
experiment, the heat input to the sample was determined by
measuring the current through the heater, squaring the
.current, and multiplying by the resistance of the heater.

The diameter of the sample between the two thermcometers
was «140 inches, making the area .10 square centimeters. The
distance between the ceniters oi the two lead rings was 7.25

centimeters, therefore % is 72.5 om—1
: - LG _
)‘. was obtzined {rom the formuls x = m with

all the quantities known as shown above.

-’o..



From the datz taken on 15 August, at a sample temperature
of 2.54° K, the resistance of the lower thermcmeter was 6,680
ohms, the quantity proporticnal to the ratio of the two thermom-~
eters without heat flowing, was 9.865. The guantity with
0.8 milliamperes {lowing through the heater, was 955.7. The
difference was 30.8, and the average, 971l.1. 12 was 6.45, and
the slope of the resistance-temperature curve was B.4.

0.8 x 6,45
971.1 x 8.4

quantity multizlied by 110 ohms gives .T704 x 10™% watts,

2AT= ,024° K , (0.8 x 107°)% was .64 x 1078, This

72.5 % 704 x 1074 -
24 % 10-3 = .210=)

~ =~



SUGGESTICONS FOR CCNTINUED RiESSARCH

The thermsl conductivity of one sample of magnesium has
been measured between 1.25 and 4.7 degrees Kelvin. The
deviations from the behavior of a normal metal began to appear
below two degrees. )

In view of this fzct, it would be wise to continue the
investigation down . to .8 or .9 degrees so thal some more
definite conclusions can be reached as to the correlation between
the rise in electrical resistance, and the decrease in thermal
conductivity with respect to the behavior expected of a normal
metal,

The investigation ef & series of samples including several
with varying amounts of manganese impurity should be conducted
to see whether or not the manganese impurity has the same quan-
titative effect dn the thermal conductiviiy as it does on the
electrical resistance.

Some attempt should be made to carry measurements up to the
paximum in the thermal conductivity curve, or at least to
the point where one first finds the electrical resistance
begin to rise. This investigation might be accomplished by
making a controlled poor thermal contact between the sample
and the resistor. The sample could then be made to rise
considerably above the bath temperature, and measurements could

be extended upward in.temperature.
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