
Today’s	Lecture:	Heat	Capacity

1. EinsteinsModel	for	heat	capacity

2. Debye’s	Model	for	heat	capacity

3. How	to	measure	heat	capacity

4. Thermal	conductivity
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SPEC IF I C HEAT OF RUTII E j.383

In the low range, all the highly reduced samples show
a maximum in the extra speci6c heat and a large mag-
netic specific heat. For the Ti-powder-reduced sample,
the magnetic speci6c heats in fields of 6200 and 4450 Oe,
and the paramagnetic susceptibility all agree with a
model of a two-level paramagnetic system which has a
level separation increasing with the square of the field
strength and a spin splitting of the individual levels
proportional to the 6eld strength. The hydrogen-
reduced samples show indications of interactions be-
tween the paramagnetic ions which change the para-
magnetic susceptibility and specific-heat behaviors. It
was speculated that the interaction is ferromagnetic,
but it was not possible to derive a model which com-
pletely describes the low-range specific heat and mag-
netic susceptibility of hydrogen-reduced rutile. This
type of paramagnetic ion is not present to any large
extent in the vacuum-reduced sample; however, the
donor level does split in a magnetic Geld to yield a
magnetic speci6c heat.

The various centers present, then, are a function of
the amount and method of reduction. The vacuum
reduction, with its relatively high oxygen partial
pressure, results mainly in an in-purity-related center,
while the main centers introduced by the reductions at
low oxygen partial pressure are too numerous to be im-
purity related. If hydrogen is used in the reduction
process, the center responsible for electrons in the band
is modi6ed so that there is no activation energy into the
band. The hydrogen in the lattice may also contribute
to the interactions between the paramagnetic ions.
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The speciac heats of high-purity argon and krypton have been measured between 0.4 and 12'K, per-
mitting a reliable extrapolation to O'K. The higher-temperature results are in agreement with those of
Morrison et al., but for argon the extrapolation to O'K is not. At the lowest temperatures the heat capacities
are represented by C= (12/5)e E (7'/O~e)', with O~e =920'K for argon and 719'K for krypton. The appara-
tus and techniques are described, and the results are compared with theoretical estimates.

INTRODUCTION

HE noble-gas solids, with their relatively simple
van der Waals attractive forces, are one of the

best experimental systems for testing theories of lattice
dynamics. A measure of current interest in the Geld is
the number of recent review articles: Since Dobbs and
Jones's review' of a decade ago, Pollack, s Boato, s
Horton, ' and Simmons' have also reviewed the 6eld.
Although these reviews treat mainly the perfect
crystalline state, there is also now an interest, both
theoretical and experimental, in various defect states

~ Work supported by the U. S. Atomic Energy Commission.
f Present address: Department of Physics and Astrophysics,

University of Colorado, Boulder, Colo. 80302.' E. R. Dobbs and G. O. Jones, Repts. Progr. Phys. 20, 516
(1957}.' G. L. Pollack, Rev. Mod. Phys. 36, 748 (1964).
8 G. Boato, Cryogenics 4, 65 (1964).
4 G. K. Horton, Am. J. Phys. 36, 93 (1968).' R. 0. Simmons, Solid State Phys. (to be published).

of the noble-gas solids (see, e.g., Hartmann and Elliott'
and Maradudin'). In general, the theories are at their
best with the heavier noble gases (argon, krypton, and
xenon) where one does not have the large zero-point
energy eGects of helium and neon, and where at the
lowest temperatures thermal vibrations are of small
amplitude. The Debye characteristic temperature 0'
and Griineisen "constant, "s and their values O~o and yo
at O'K, are convenient parameters for describing
experimental or theoretical results.
The comparison between theories and experimental

results of the lowest-temperature properties of the
heavier noble solidi6ed gases has been much improved
during recent years due to the following advances: The
' W. M. Hartmann and R. J.Elliott, Proc. Phys. Soc. (London)

91 187 (1967).'A. A. Maradudin, Solid State Phys. 18, 273 (1966); 19, 1
(1966).
8 See, e.g., C. Kittel, Introdlction to Solid State I'hysics {John

Wiley and Sons, Inc., New York, 1966), Chap. 6.
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Scope of the Heat Capacity Option  Overview of the Heat Capacity System 
 

 
Figure 1-1.  Thermal Connections to Sample and Sample Platform in PPMS Heat Capacity Option 

1.3 Purpose of Measuring Heat Capacity 
The measurement of the heat capacity of solids can provide considerable information about the lattice, 
electronic, and even magnetic properties of materials.  Heat capacity measurements, particularly when 
taken at temperatures that are well below the Debye temperature, directly probe the electronic and 
magnetic energy levels of a material and hence allow comparisons between theory and experiment.  
While electronic transport measurements, such as resistivity, are substantially more common, the link 
between experiment and theory is not always as clear as it is in a heat capacity measurement.  Any 
statistical theory of matter involves computing the density of states and energy levels; these 
computations naturally lead to predictions of heat capacity numbers.  

From a practical point of view, materials used in the construction of thermal devices, such as 
refrigerators, cryostats, and so on, must be characterized thermally.  Knowledge of the heat capacity of 
construction materials is important to any successful thermal design. 

1.4 Scope of the Heat Capacity Option 

1.4.1 Sample Size and Thermal Characteristics 
In the Heat Capacity option, the basic puck configuration accommodates small, but not microscopic, 
samples weighing approximately 1 to 200 mg.  Given the thermal characteristics of the calorimeter, 
this range of masses produces, for most solids, varying relaxation time constants that may be a fraction 
of a second at 1.9 K or many minutes at 300 K.  A single heat capacity measurement can require nearly 
10 time constants for the settling time that occurs between measurements.  Measuring very large 
samples can thus be prohibitively time consuming.  The addenda heat capacity, however, limits the 
size of the smallest samples.  Measurement accuracy, which is generally a percentage of the total heat 
capacity, is sacrificed when the sample heat capacity is small compared to the addenda heat capacity.   

Since the technique used for measuring heat capacity, as described below in Section 1.4.3, is dynamic 
in nature, the geometry and thermal diffusivity of the sample must be such that the thermal diffusion 

 
1-2 PPMS Heat Capacity Option User’s Manual Quantum Design 

Heat	Capacity:	Experimental	setup
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FIG. j.. Thermal conductivity versus temperature
for pure NaF crystals. Curve A, NaF sample, this
paper; curve B, NaF sample, Ref. 1; curve C, typi-
cal singly grown NaF (smaller cross section).

conductivity Ep„& is a sensitive indicator of its
purity, and the conductivity of 240 W/cm deg
(at 16.5'K) for our purest sample may well be
the highest value ever measured for an insulator.
A complete analysis, based on the Callaway'
model for lattice thermal conductivity, allows
one to deduce relative strengths of impurity and
intrinsic-process phonon-phonon scattering
rates. Such an analysis has been done for our
purest crystal but a discussion of the subtleties
of such an analysis is too lengthy for the present
paper and will be published elsewhere. ' It is
enough now to indicate that our purest crystal
(curve A, Fig. 1) had between a. factor of 2 and a
factor of 5 less impurities than the best crystal4
in Ref. 1 (curve 8, Fig. 1).
Heat pulses were propagated through our sam-

ples using the techniques described in Ref. 1.
Figure 2 shows heat pulses in the Kp p 240
W/cm deg crystal for several different tempera-
tures. The behavior seen here is similar to
Ref. 1, but more dramatic. The topmost trace
(9.6'K) shows well-defined longitudinal and trans-
verse first-sound pulses. By 12.5 K, the "trans-
verse" pulse is seen to behave in an unusual
fashion; it has broadened considerably and its
peak has shifted to later times. At 15 K a new
pulse, which we identify as second sound, is
seen. It arrives later than the transverse pulse
and has much greater amplitude. The transverse
peak is marked by an arrow. By 17.3'K, the
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FIG. 2. Heat pulses in the purest NaF sample (l = 8.8
mm) in the (100) direction for several different tem-
peratures. The arrows mark the peak of the trans-
verse ballistic pulse. Note the movement of the sec-
ond-sound peak to later times for higher temperatures.

second-sound pulse has slowed enough to allow
one to see the transverse ballistic pulse clearly.
A comparison with Fig. 1(b) of Ref. 1 is instruc-
tive. At 15'K the signal in our crystal is seen to
return to the base line after the second-sound
pulse. In contrast, at about the same tempera-
ture the second-sound peak in their crystal is
superimposed on a broad diffusive ramp.
Our ability to follow second sound out to higher

temperatures is reflected in the temperature de-
pendence given in Fig. 3. It is seen that the
pulse moves linearly to later arrival times and
broadens as the temperature is increased. The
sharp rise at the highest temperatures is due to
the arrival of the diffusive scattering signal
which dominates when the rate of momentum-
destroying phonon collisions (7'z ') becomes suf-
ficiently high. We observe that the linear shift
seen in Ref. 1 continues to yet higher tempera-
tures and that no leveling off towards the expect-
ed fully developed second-sound velocity occurs
before diffusion forces the curve upward. In par-
ticular, at 18'K the arrival time for the peak of
the second-sound pulse is essentially at the val-
ue expected from existing theory, but has yet to

Thermal	Conductivity:	NaF


