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Overview of the Heat Capacity System

1.1

Introduction
This chapter contains the following information:
x

x

1.2

Section 1.2 presents an overview of the
Heat Capacity option.
Section 1.3 discusses the purpose of
measuring heat capacity.

x
x

Section 1.4 explains the scope of the Heat
Capacity option.
Section 1.5 discusses special features of
the Heat Capacity option.

What the System Measures
The Quantum Design Heat Capacity option measures the heat capacity at constant pressure
Cp

§ dQ ·
.
¨
© dT ¹̧ p

As with other techniques for measuring heat capacity, the Quantum Design Heat Capacity option
controls the heat added to and removed from a sample while monitoring the resulting change in
temperature. During a measurement, a known amount of heat is applied at constant power for a fixed
time, and then this heating period is followed by a cooling period of the same duration.
A platform heater and platform thermometer are attached to the bottom side of the sample platform.
(See Figure 1-1 on the following page). Small wires provide the electrical connection to the platform
heater and platform thermometer and also provide the thermal connection and structural support for the
platform. The sample is mounted to the platform by using a thin layer of grease, which provides the
required thermal contact to the platform.
The PPMS Turbo Pump or Cryopump High-Vacuum option provides a sufficient vacuum so that the
thermal conductance between the sample platform and the thermal bath (puck) is totally dominated by
the conductance of the wires. This gives a reproducible heat link to the bath with a corresponding time
constant large enough to allow both the platform and sample to achieve sufficient thermal equilibrium
during the measurement.
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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
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time in the sample is small compared to the time constant of the measurement. In cases where the
amount of time it takes for the sample to reach internal thermal equilibrium is not small compared to
the measurement time, the resulting heat capacity measurement will be too small. Although this
problem is indicated in the software as a poor thermal contact between the sample and the sample
holder, it is important to use samples that have relatively fast thermalization times to get the correct
heat capacity numbers. In cases where the thermal diffusion time in the sample is large, it is necessary
to use samples that have a relatively flat geometry, so as to reduce the thermal path through the sample.

1.4.2

Temperature Range
The Heat Capacity option has no fundamental temperature range limit other than the PPMS
temperature range. However, relaxation techniques are traditionally used at temperatures that are
below approximately 100 K, because relaxation times are relatively short below 100 K. The Heat
Capacity option can measure heat capacity up to about 400 K.
The percent resolution of the thermometry is relatively constant over the temperature range. Hence, at
higher temperatures, the absolute temperature resolution is somewhat poorer.

1.4.3

Measurement Technique
Many different measurement techniques (Stewart 1983) are optimized for different sample sizes and
accuracy requirements (high resolution versus accuracy). The Quantum Design Heat Capacity option
uses a relaxation technique that combines the best measurement accuracy with robust analysis
techniques. After each measurement cyclewhich is a heating period followed by a cooling period
the Heat Capacity option fits the entire temperature response of the sample platform to a model that
accounts for both the thermal relaxation of the sample platform to the bath temperature and the
relaxation between the sample platform and the sample itself (Hwang, Lin, and Tien 1997). The effect
of the relaxation between the platform and sample must be considered when the thermal connection
shared by the sample and platform is poor. By modeling this effect, the software can report the correct
heat capacity values despite such poor contact.
The fitting technique, which is the primary means of data analysis provided with the Quantum Design
Heat Capacity software, assumes that the heat capacity is approximately constant over the range of
temperatures covered by a single measurement cycle. When the heat capacity has strong variations
with temperature, as in the case of first-order transitions, one can use advanced slope analysis
techniques provided by the software to resolve rapid variations of heat capacity with a single relaxation
cycle.

1.4.4

Pressure in Sample Chamber
The wires connecting the sample platform to the puck frame create well-controlled thermal links to the
thermal bath. To eliminate alternate thermal links through residual gas, the pressure within the probe
must be less than approximately 1 mTorr. The PPMS High-Vacuum option, which operates in
conjunction with the Heat Capacity option, maintains this low pressure. A charcoal holder is used as a
cryopump to help decrease the pressure at the bottom of the probe at temperatures below 10 K. When
the High-Vacuum option is activated, base pressures of approximately 0.01 mTorr are typical at the top
of the probe.
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1.5

Special Features of the Heat Capacity Option

1.5.1

Acquisition Hardware
Relaxation techniques require accurate time-resolution of the temperature response of the sample
platform during the measurement cycle as well as precise correlation of the heater output and the
temperature response. Fast, accurate thermometry is essential for the best signal-to-noise ratio. These
requirements for relaxation calorimetry place considerable demands on the data acquisition portion of a
system. Rather than attempt to adapt existing data acquisition hardware to the task, Quantum Design has
developed a high-performance controller optimized for relaxation calorimetry.

1.5.2

Calorimeter Puck and Sample Mounting
As with standard PPMS units, the calorimeter is a puck that you insert into the sample chamber. The
Heat Capacity option includes more than one puck, so you can prepare a second sample on the second
puck while the first puck is in the sample chamber. When you have measured the first sample, you may
immediately insert the second puck and measure the second sample without having to remove the
sample from the first puck.
You use a sample-mounting station to hold the puck when you mount and remove samples. The station
uses a puck interlock arm and vacuum suction to stabilize the puck and the sample platform. By
stabilizing the sample platform, the station helps protect the delicate, thermally conducting wires that
connect the platform to the puck frame.

1.5.3

Puck Calibration
The Heat Capacity software includes a fully automatic thermometer calibration routine that uses the
PPMS system thermometer as the reference thermometer to produce temperature calibrations for the
puck thermometer, platform thermometer, and platform heater. The calibration routine thus reduces the
cost of the pucks, because the pucks do not require factory calibration. Moreover, the calibration routine
allows you to design custom pucks that have different characteristics but that can still work with the
Heat Capacity option if you use the standard calibration procedure to calibrate the pucks.

1.5.4

Automation Environment
You may program the Heat Capacity option, just as you may program other PPMS measurement options,
to automatically acquire data. You use sequences, which are the PPMS automation language, to run any
number of measurement macros. You may also run each macro independently.
Sophisticated data analysis, which is part of the Heat Capacity option, is critical to your ability to run
heat capacity measurements while you are away from the system. Monitoring each measurement and its
associated fit in order to detect potential problems is unnecessary. The Heat Capacity software writes all
relevant diagnostic information and the heat capacity numbers to an open data file. When the
measurement is complete, you examine this data file. Errors are automatically computed for each
sample heat capacity measurement.
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Hardware

3.1

Introduction
This chapter contains the following information:
x

3.2

Section 3.2 discusses and illustrates the
Heat Capacity hardware components.

x

Section 3.3 discusses the contact baffle
that is part of the High-Vacuum option.

Heat Capacity Hardware
This section describes the basic Heat Capacity option hardware. Please refer to Chapter 8 for Helium3-specific option hardware and Chapter 9 for DR-specific hardware.

3.2.1

Calorimeter Puck
The calorimeter puck (see Figure 3-1 on the following page) contains a resistive platform heater,
platform thermometer, and puck thermometer. The platform heater and platform thermometer are
attached to the bottom of the calorimeter chip that functions as the sample platform. The puck
thermometer is buried within the puck. The platform thermometer measures the temperature of the
sample platform and thus the temperature of the sample. The puck thermometer measures the
temperature of the puck, which serves as the calorimeter’s thermal bath.
Eight delicate, thermally conducting wires suspend the sample platform in the middle of the puck
frame. These wiresfour on each side of the platformform the electrical connection to the platform
heater and platform thermometer and also serve as the thermal connection between the platform and
the puck frame. The puck frame and the wire guard help protect the wires, although the wires remain
partially exposed.
The chuck, which is below the puck frame and above the green fiberglass connector, produces the
thermal contact to the base of the sample chamber. The chuck includes the indexing key, which drops
into the indexing notch to lock the puck in position inside the PPMS sample chamber.
Calibrated pucks may be purchased from Quantum Design. Unless a calibrated puck has been
purchased, a puck is not calibrated when it is shipped from the factory. If a calibration file has not
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been supplied with the puck, the puck must be calibrated before it may be used to measure heat
capacity. Chapter 5 discusses puck calibration.

3.2.1.1

PUCK FRAME

The puck frame contains the thermally
conducting wires and the sample
platform. The puck has been designed
so that the puck frame may be replaced
if it is damaged. The Heat Capacity
option includes a spare puck frame.
If a thermally conducting wire breaks,
you remove and replace the puck frame.
Two screws on top of the puck frame
and two on the bottom attach the frame
to the puck body. Section 9.4.1
explains how you remove and replace
the puck frame.

3.2.1.2

THERMAL
RADIATION SHIELD

A thermal radiation shield fits snugly
Figure 3-1. Exploded View of Calorimeter Puck
over the top of the puck. During a
measurement, the shield protects the
sample platform and the sample from unwanted heating that is created by warmer surfaces in the
sample chamber, thereby guaranteeing a more accurate reading of the temperature of the sample.
The thermal radiation shield is also a protective cap that covers the thermally conducting wires and the
sample platform. To prevent the wires and platform from being damaged, keep the thermal radiation
shield on the puck when you are not using the puck for a measurement.

3.2.1.3

SERIAL NUMBER

At the factory, a unique serial number is assigned to each puck. The serial number distinguishes the
puck and its associated calibration files from all other pucks used in the system. The serial number is
written on the green fiberglass connector that is at the base of the puck. Refer to Figure 3-2.

Figure 3-2. Location of Serial Number on Calorimeter Puck
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Sample-Mounting Station
To prevent damage to the eight wires that hold the sample platform, the sample-mounting station uses
a puck interlock arm and vacuum suction to stabilize the puck and platform. By stabilizing the puck
and platform, the mounting station allows a sample to be easily mounted on the platform and removed
from the platform while preventing the wires from being stressed.
The puck interlock arm is curved to fit the circular exterior of the puck holder. When the interlock arm
is pushed toward the holder, the interlock arm clasps and helps immobilize the puck. The vacuum
supplied at the hose barb appears at the hole in the platform holder and sucks the platform downward
to hold it in place. Small fingers on top of the platform holder further stabilize the platform.

Figure 3-3. Top View of Sample-Mounting Station

3.2.2.1

VACUUM PUMP

The vacuum pump is part of the sample-mounting station assembly. Vacuum is applied through the
vacuum hose that attaches to the hose barb at the rear of the sample-mounting station.

WARNING!
Place the pump on the floor or securely mount it to a stable
surface. The pump vibrates when it operates and can “walk” off
the edge of a table, dragging any attached objectincluding the
sample-mounting stationwith it.

Figure 3-4. Vacuum Pump for Sample-Mounting Station
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Heat Capacity DSP Card
The Heat Capacity DSP card, which resides in the Model 6500 PPMS Option Controller, contains the
electronics that simultaneously control the heat applied by the platform heater and measure the
temperature read by the platform thermometer. (The platform heater and platform thermometer are on
the calorimeter puck. Refer to Section 3.2.1.) The various converters and gain stages of the DSP card
are controlled at the board level by using a digital signal processor. By controlling the precise timing
of the heater drive and thermometry, the DSP card provides the excellent timing resolution required for
accurate heat capacity measurements.

Figure 3-5. Heat Capacity DSP Card

A digital-to-analog converter and a precision current source apply power to the platform heater. The
programmable current ranges allow precision currents ranging from a few nanoamps to a few
milliamps to be driven in the heater. An analog-to-digital converter (ADC) and a programmable gain
stage monitor the heater power. This arrangement, combined with the current source used for driving
the heater, allows precision determination of the applied heater power as a function of time.
A precision current source provides the AC excitation for reading the platform thermometer while a
high-precision, high-accuracy ADC reads the voltage across the thermometer. The resistance of the
thermometer is measured by driving a square-wave alternating current at 244 Hz in the thermometer.
Using a high-precision, high-accuracy ADC, the DSP measures the voltage across the thermometer
during both the positive and negative part of the 244-Hz cycle. The difference between the two
readings provides a differential measurement of the resistance at approximately 4-ms intervals. Onboard calibration resistors with low-temperature sensitivity are used for absolute accuracy in the
resistance measurement.
The Model CM-E Heat Capacity Module described in Chapter 9 provides similar functionality but with
lower excitation currents for DR-temperature measurements.

3.2.3.1

DESCRIPTION OF OPERATION

When the system performs a heat capacity measurement, the parameters for a single heater-onheateroff cycle are loaded into the DSP’s local memory. When the parameters are loaded, the measurement
is triggered, and the DSP card sets the heater current and records the thermometer resistance at 4-ms
intervals. At the same time the thermometer is read, the heater voltage is recorded and stored for use
in computing heater power. When the measurement is complete, the thermometer readings and the
heater voltages are read out of the DSP memory.
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Model 6500 PPMS Option Controller
The Model 6500 PPMS Option Controller is a general-purpose chassis that houses the Heat Capacity
DSP card and includes slots for two additional option cards. The Model 6500 also contains a CPU
card that manages communications on the external GPIB and the internal card bus. The primary
interface to the Model 6500 is through the GPIB cable, which is daisy-chained to the host computer
and the Model 6000 PPMS Controller. The Model 6500 includes its own power supply.
Although the GPIB command set used by the Model 6500 is a subset of the command set for the
PPMS controller, option cards do not currently have features with which you can interact directly. The
only supported software interface to the Model 6500 is through the option-specific application
softwarefor example, through the Heat Capacity software.

Figure 3-6. Front Panel of Model 6500 PPMS Option Controller

3.2.5

DSP Cable Assembly
The DSP cable assembly connects the Heat Capacity DSP card, which resides in the Model 6500
PPMS Option Controller, to the probe and the Model 6000 PPMS Controller. The larger cable, labeled
“Heat Cap DSP,” connects to the Model 6500. The smaller cable, labeled “P2 System Bridge,”
connects to the Model 6000. The gray Lemo connector plugs into the gray Lemo port on the PPMS
probe head.
Before you can use the Heat Capacity option, you install the DSP cable assembly. (Refer to Sections
2.3.4 and 2.5) To enable a PPMS option other than Heat Capacity, you disconnect the DSP cable
assembly from the PPMS probe head. A separate gray Lemo connector and cable assembly enables
each PPMS option.

Figure 3-7. DSP Cable Assembly

Table 3-1. Sample Connections for Pin Numbers
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Sample Puck

Probe Head

DSP Port or HC Module

Four-Pin Lemo

DR HC Filter Box

PUCK

GRAY LEMO
CONNECTOR AT
PROBE HEAD

4-PIN LEMO ON
MODEL 6000 AT
BRIDGE CHANNEL 4

DSP PORT OR
HC MODULE

DR HC
FILTER BOX

3

3

3

3

Heater I+

4

4

10

4

Heater I

5

5

4

5

Heater V+

6

6

11

6

Heater V

7

7

2

7

Chip Therm I+

8

8

9

8

Chip Therm I

9

9

8

9

Chip Therm V+

10

10

15

10

Chip Therm V

11

11

1

Puck Therm I+

12

12

2

Puck Therm I

13

13

3

Puck Therm V+

14

14

4

Puck Therm V
1
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High-Vacuum Hardware
The High-Vacuum option, which operates in conjunction with the Heat Capacity option, reduces the
amount of gas in the sample chamber and thus minimizes the paths by which heat escapes the sample
platform. The Heat Capacity option works with either the Turbo Pump High-Vacuum option or the
Cryopump High-Vacuum option. The details of these high-vacuum systems are contained in their
respective manuals.

3.3.1

Contact Baffle
An integral part of either the Turbo Pump or the Cryopump High-Vacuum system is the contact baffle
assembly. The contact baffle makes thermal contact with the isothermal region of the sample chamber,
which is just above the puck. The thermal contact between the contact baffle and the isothermal region
helps create a more uniform thermal environment for the puck by causing the contact baffle to be at the
same temperature as the chamber walls that are near the puck. This is important when high vacuum is
enabled; high vacuum reduces the amount of thermal exchange gas in the sample chamber.
You insert the contact baffle into the brass fitting that is at the bottom of the baffle assembly (Figure 38). To help safeguard the contact baffle, use it only when you are using the High-Vacuum option.
Handle the contact baffle with care, and avoid touching the delicate outer contact fingers.
The contact baffle includes a removable charcoal holder that screws into the bottom of the baffle
assembly (Figure 3-9). The charcoal holder helps prevent helium from adsorbing on the sample
platform when the temperature of the sample chamber is below 10 K. It is removed only for puck
calibrations.

Figure 3-8. Baffle Assembly with Contact Baffle

A. Charcoal Holder Removed for Puck Calibration

B. Charcoal Holder Installed for Normal Operation

Figure 3-9. Close-up View of Contact Fingers and Charcoal Holder on Contact Baffle Assembly
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Analysis Models

4.3.1

Thermal Models
Central to the conversion of raw data into heat capacity numbers is the mathematical model used to
describe the temperature response of the sample platform as a function of time.

4.3.1.1

SIMPLE MODEL

The simple model, which is the most basic analysis of the raw measurement data, assumes that the
sample and sample platform are in good thermal contact with each other and are at the same
temperature during the measurement. In the simple model, the temperature T of the platform as a
function of time t obeys the equation
C total

 K w (T  Tb )  P(t ),

dT
dt

where Ctotal is the total heat capacity of the sample and sample platform; Kw is the thermal conductance
of the supporting wires; Tb is the temperature of the thermal bath (puck frame); and P(t) is the power
applied by the heater. The heater power P(t) is equal to P0 during the heating portion of the
measurement and equal to zero during the cooling portion. The solution of this equation is given by
exponential functions with a characteristic time constant W equal to Ctotal/K.
The Heat Capacity software uses the simple model to measure the addenda and generally uses the
simple model to measure most samples. However, when the thermal contact between the sample and
sample platform is poor, the software uses the more sophisticated two-tau model to measure the heat
capacity. 1

4.3.1.2

TWO-TAU MODEL

The Heat Capacity software uses the two-tau model to measure the heat capacity of the sample when
poor thermal attachment of the sample to the platform produces a temperature difference between the
two. The two-tau model simulates the effect of heat flowing between the sample platform and sample,
and the effect of heat flowing between the sample platform and puck. The following equations express
the two-tau model:
C platform

Csample

dT p
dt

dTs
dt

P(t )  K w T p (t )  Tb  K g Ts (t )  T p (t )
 K g Ts (t )  T p (t ) ,

where Cplatform is the heat capacity of the sample platform, Csample is the heat capacity of the sample, and
Kg is the thermal conductance between the two due to the grease. The respective temperatures of the
platform and sample are given by Tp(t) and Ts(t).

1

Two-tau model is a trademark of Quantum Design.
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Data Fitting
Using a nonlinear, least-square fitting algorithm, the system compares the solution to the simple model
to the actual measurement. The values of the parameter that give the smallest fit deviation determine
the heat capacity. The sensitivity of the fit deviation (chi square) to small variations in the fitting
parameters is used to estimate the standard errors for the heat capacity.
Except when measuring the addenda (the heat capacity of only the platform), a fit to the solution of the
two-tau model is also performed. The heat capacity numbers derived in this way are used only if the
fit has a smaller fit deviation than in the first case. Under some circumstances, the fit to the two-tau
model does not converge, in which case the simple fit is again used. Such a lack of convergence can
occur when the sample is perfectly attached to the platform, in which case the simple model is correct.
Fitting difficulties can also arise in other cases where the sample is poorly attached and the heat
capacity of the sample is not large compared to the platform. In either case, the sample coupling is
shown to be 100%.

4.3.3

Derived Quantities from Model Parameters

4.3.3.1

SIMPLE MODEL: ADDENDA MEASUREMENT

An addenda measurement uses only the simple model (Section 4.3.1.1) for computing heat capacity.
In this case, the measurement fields in the Measurement Status Viewer (Section 4.5) are computed as
indicated in table 4-2.
Table 4-2. Simple Model Parameters Used for Addenda Measurement
STATUS VIEWER FIELD

4-4

EXPRESSION FROM MODEL

Total Heat Cap

Ctotal

Sample Heat Cap

zero

Addenda Heat Cap

Ctotal

Time Const (tau1)

Ctotal /Kw

Time Const (tau2)

Zero

Sample Coupling

100%
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4.3.3.2

SIMPLE MODEL: SAMPLE MEASUREMENT

When the analysis of a sample heat capacity measurement fails to find a fit to a two-tau solution, the
simple fit (Section 4.3.1.1) is used as in the case of the addenda measurement. The Sample Heat Cap
measurement field is computed by subtracting the total heat capacity of the fit from the addenda heat
capacity Caddenda as retrieved from a previously measured addenda table. In this case, the measurement
fields in the Measurement Status Viewer (Section 4.5) are computed as indicated in table 4-3.
Table 4-3. Simple Model Parameters Used for Sample Heat Capacity Measurement
STATUS VIEWER FIELD

Total Heat Cap

4.3.3.3

EXPRESSION FROM MODEL

Ctotal

Sample Heat Cap

Ctotal  Caddenda

Addenda Heat Cap

Caddenda

Time Const (tau1)

Ctotal /Kw

Time Const (tau2)

Zero

Sample Coupling

100%

TWO-TAU MODEL: SAMPLE MEASUREMENT

When the two-tau model (Section 4.3.1.2) is fit to the measurement data for a sample heat capacity
measurement, the addenda heat capacity Caddenda is retrieved from a previously measured addenda table
and Cplatform is treated as a constant equal to Caddenda in the fitting routine. In this case, the measurement
fields in the Measurement Status Viewer (Section 4.5) are computed as indicated in table 4-4.
Table 4-4. Two-Tau Model Parameters Used for Sample Heat Capacity Measurement
STATUS VIEWER FIELD

Total Heat Cap

Cplatform + Csample

Sample Heat Cap

Csample

Addenda Heat Cap

Cplatform

Time Const (tau1)
Time Const (tau2)
Sample Coupling

Quantum Design

EXPRESSION FROM MODEL

1/(D + E)
1/(D  E)

100 u Kg/(Kg + Kw)
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The expressions for D and E are given by

D

E



Kw
2C platform

Kg
2C platform



Kg
2Csample

,

2
2
2
2
K g2 Csample
K g  K w Csample K g C platform
 2 K g2 Csample C platform  K g2 C platform
 K w2 Csample
 2 K w Csample

2C platform Csample

4.3.3.4

EQUIVALENT DEBYE TEMPERATURE

The system can also express sample heat capacity as an equivalent Debye temperature in the event that
the sample mass, formula weight, and atoms per formula unit have been entered.
The Debye model successfully describes the heat capacity of phonons (lattice contribution). Phonons,
electrons, and magnons all contribute to the heat capacity in solids.
The general expression for lattice heat capacity and temperature T can be stated as

³

f

Cv

hv ·
hv ·
3rNk §¨
csc h 2 §¨
g v dv,
© 2 kT ¹̧
© 2 kT ¹̧
2

0

where r is the number of atoms per molecule, N is the number of molecules, and k is the Boltzmann
constant. The density of phonon modes in the frequency range from v to v + dv is given by g(v)dv. In
the Debye model, the mode density function g(v) is derived by assuming that phonon propagation
through the crystal lattice is governed by the same dispersion relation as linear waves in a continuous
isotropic solid. To account for the lattice spacing in a real solid, Debye’s theory specifies a cutoff
frequency, vD , above which the mode density function is zero. That is,
g v

3v

2

3

vD

g v

for v d v D

0 for v ! v D .

Physically, vD corresponds to the smallest phonon wavelength that can propagate in a lattice of atoms
with a finite spacing. It is related to both the speed of sound and the elastic properties of the solid.
The Debye temperature is then defined as T, where hvD = Tk. Putting g(v) into the above expression
for heat capacity creates the following relation between Cv and T :
Cv

9rNk

T3

T3

³

T T

0

x 4 e x dx
e x 1

2

.

This expression contains the two well-known limits of heat capacity for nonmetallic solids. At high
temperatures, Cv o 3rNk, whereas at sufficiently low temperatures,
Cv 
o

3
12
§T·
rNkS 4 ¨
,
© T ¹̧
5

which is the familiar T 3 law.
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Experimentally, you can determine T by first measuring the heat capacity of a known quantity N of
molecules, each molecule having r atoms, at a temperature T. You then numerically solve the above
expression for T. For a perfect Debye solid, T does not change with temperature. However, in real
solids, lattice effects and electronic and other contributions to the heat capacity cause T to vary with
temperature.
It is important to point out that the value for Debye temperature which is computed by the application
assumes that the sample heat capacity contains only a lattice contribution. No special accounting is
made for electronic, magnetic, or structural terms.
Plots of equivalent Debye temperature as a function of temperature were first suggested by M.
Blackman in “The Theory of the Specific Heat of Solids” (Blackman 1942).

4.3.3.5

MEASUREMENT UNITS

Table 4-5 summarizes common measurement units that express heat capacity and specific heat. The
default measurement units, PJ/K, express heat capacity. The sample information that is defined in the
open data file determines which measurement units, other than PJ/K, are available. You define sample
information in the header of the data file you have opened to log the measurement. If you neglect to
define all sample information, the application still collects data, but it expresses the data in the units for
heat capacity, PJ/K, rather than in the units you have selected.
Table 4-5. Common Units for Heat Capacity and Specific Heat
UNITS

HEAT CAPACITY

PJ/K

MASS SPECIFIC
HEAT

PJ/g-K
J/g-K

PJ/mg-K

cal/g-K
mJ/mole-K
MOLAR SPECIFIC
HEAT
GRAM-ATOM
SPECIFIC HEAT

4.3.3.6

J/mole-K
cal/mole-K
J/gat-K
cal/gat-K

FORMULA

PJ/K/mass
PJ/K/mass

0.001 u (PJ/K)/mass

0.0002390057 u (PJ/K)/mass
(PJ/K) u molwght/mass

0.001 u (PJ/K) u molwght/mass

0.0002390057 u (PJ/K) u molwght/mass

0.001 u (PJ/K) u molwght/(mass u atoms)

0.0002390057 u (PJ/K) u molwght/mass u atoms)

ESTIMATED HEAT CAPACITY ERROR

In both the data file (see Table 4-10) and the Measurement Status Viewer (Figure 4-4), the heat
capacity is given with an estimated error term. The software calculates this error based on the fit and
the entered sample mass properties.
There are four terms in the expression for sample heat capacity error:

Quantum Design

1.

Total Heat Capacity Error. This error comes from calculating the sensitivity of the meansquare deviation of the fit to variations in the heat capacity parameter. Recall that the heat
capacity is a parameter in the fit.

2.

Addenda Heat Capacity Error. This is calculated during the addenda measurement and is
saved in the addenda table for this purpose.
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3.

Sample Mass Error. If a mass error term is entered with the sample information when the
data file is created, and the results are expressed as a heat capacity per unit mass, then the
fractional mass error is included.

4.

Fit Deviation Error. To take into account modeling errors where there is a large deviation
between the fit and the measurement, yet the measurement noise is small, the software
includes this term, equal to the fit deviation (in Kelvin) divided by the temperature rise. Note
that this last term is not a random error, but rather a modeling error.

All four of these terms are added in quadrature to obtain an estimate of the error bars for a
measurement.

4.3.4

Slope Analysis and First-order Transitions
The thermal models and the data fitting algorithm described in sections 4.3.1 and 4.3.2 assume that the
heat capacity is approximately constant over the range of temperatures covered by a single
measurement cycle. However, this assumption is not always true.
In first-order transitions, for example when there is a “latent heat” associated with a transition, the heat
capacity is, in principle, infinite at the transition temperature. In real samples, such a transition appears
as a very narrow sharp peak. If the width of this peak is smaller than the temperature rise of the
relaxation measurement, the result will be a considerable smearing of the peak with the possibility that
it will be completely missed.
When the sample temperature is warmed and cooled through a first-order transition, the resulting
temperature response will contain information about the temperature dependence of the heat capacity
in the time-dependence of the temperature. The central equation for this analysis is found by solving
the Simple Model from section 4.3.1.1 assuming that the bath temperature Tb is constant over the
temperature range. The time-dependence (and hence the temperature dependence) of the heat capacity
is then given at each temperature in the relaxation curve by

C total (t )

§ T (t )  Tb  P ·
¸¸ ,
K w 't ln¨¨
© T (t  't )  Tb  P ¹

where the platform temperature T (t ) at time t, and at some later time t  't , as well as the constant
heater power P are used to determine the total heat capacity C total .
During a single relaxation measurement, both the heating and cooling portions of the curve can be used
to obtain heat capacity using this expression. The heater power P is a constant P0 during the heating
portion of the curve and zero during the cooling portion. This yields potentially two C total (T ) curves
for each measurement. The thermal conductance K w of the wires is determined from the normal fit
model.
Because this expression is effectively measuring the inverse warming or cooling rate of the platform, it
is necessary to choose a value for 't to optimize temperature resolution versus heat capacity
resolution. The software uses a slope averaging technique where 't is specified as a percentage of
the duration of the warming curve (or cooling curve). For example, if this Moving Average Width
(MAW) is given as 5%, then the values T (t ) and T (t  't ) are found as the end-points of a line fit
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to this 5%-segment of the curve. The C total (T ) curve is found by evaluating this expression for all
where 't is the time interval between temperature samples.

such 5%-segments. Selecting MAW = 0 simply uses adjacent values of T (t ) in the measurement data

Another important consideration when using this analysis technique is that it uses only a single timeconstant analysis to obtain the heat capacity. If the sample exhibits a significant second time-constant,
the absolute accuracy of the results of this slope technique are expected to be poor.
Performing slope analysis using the Raw Data Browser is described in section 4.6.

4.4

Heat Capacity Control Center
The Heat Capacity software has a control center that includes all frequently selected Heat Capacity
commands. With its easy-to-use tab format and software prompts, the Heat Capacity control center
makes basic system operations, such as installing samples, creating data files or calibration files, and
setting up and running immediate-mode measurements, more natural and convenient. The Heat
Capacity control center opens as soon as the Heat Capacity option is activated, and although it may be
minimized, does not close until the option is deactivated. Figures 4-1 through 4-3 illustrate the tabs in
the Heat Capacity control center.
Command buttons in the View area that is below the tab portion of the Heat Capacity control center
open the Measurement Status Viewer, the Heat Capacity error log, the header of the active data file,
and a PPMS MultiVu graph of the current data file. The Meas Status button is always enabled. The
Error Log button is enabled only when error messages have been logged to the Heat Capacity error
log. The Sample Info button and the Data File button are enabled only when a data file is active.
The status area at the bottom of the Heat Capacity control center identifies the active calibration file
and active addenda table and summarizes the general status of the Heat Capacity system.

4.4.1

Installation Wizards Tab
Commands in the Installation Wizards tab initiate the puck installation wizards. There are three puck
installation wizards: one for calibration, one for addenda measurement, and one for sample
measurement. Each wizard guides you through the different steps you perform to install a puck and
prepare for a calibration or for an addenda or sample measurement. Using the puck installation
wizards helps ensure that you perform all necessary procedures before you initiate a calibration or
measurement.
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Measuring Heat Capacity

7.3.1

Measure the Addenda with Grease

Chapter 7
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Refer to Chapter 6 to measure the addenda. The addenda heat capacity measurement includes any
grease you will use to hold the sample on the sample platform. Section 6.2 presents an overview of the
addenda measurement. Section 6.3 explains how to measure the addenda.
If you do not require an accurate measurement of the sample heat capacity, or if you can precisely
reproduce the amount of grease used from sample to sample, you may reuse the same addenda table for
different samples, rather than remeasure the addenda for each sample. Section 6.7.1 explains how to
select an addenda table.
If you are going to perform measurements in magnetic fields, you may need to measure the addenda
for each of the fields of interest prior to mounting your sample. See Section 7.4 for more information
on measuring heat capacity in a magnetic field.

7.3.2

7.3.3

7-2

Prepare the Sample for Measurement
1.

Examine the sample to locate its flattest side, and then examine the flattest side of the sample.
Look for slight surface irregularities or heavy oxidation, which impede thermal contact between
the sample and sample platform.

2.

Polish or sand the flattest side of the sample if you notice surface irregularities or oxidation. It is
likely that the flattest and cleanest surface of the sample will achieve the best thermal contact
with the sample platform.

3.

Weigh the sample if you are measuring specific heat or Debye temperature. The software must
know the mass of the sample in order to compute specific heat or Debye temperature. Section
1.4.1 discusses sample sizes that Quantum Design recommends you use with the Heat Capacity
option.

4.

Locate the puck’s serial number, which is written on the green fiberglass connector that is at the
base of the puck (see Figure 3-2). You need to know the serial number to select the .cal file
that has been created for the puck.

Mount the Sample on the Sample Platform
1.

Plug in the small vacuum pump that is supplied with the sample-mounting station. If the pump
has a power switch, turn it on. Otherwise the pump will turn on when you plug it in. Verify that
the sample-mounting station is receiving vacuum.

2.

Slide the thermal radiation shield off the puck if the shield covers the puck.

3.

Place the puck, with the sample platform facing upward, inside the sample-mounting station’s
puck holder. Rotate the puck until the index key slips into the notch at the rear of the holder, and
then gently push the puck into the holder. Verify that the sample platform is properly seated on
the platform holder.

4.

Pivot the puck interlock arm toward the puck so that it grabs and immobilizes the puck. When
the interlock arm is against the puck, vacuum pulls the sample platform downward.
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A hissing sound in the puck holder indicates a poor seal between the sample platform and holder.
To eliminate the leak, remove the puck from the holder, clean off all debris that is under the
puck, and then place the puck back inside the holder.
5.

Position the sample-mounting station and the puck below a wide field stereo microscope and a
strong light, if desired.

CAUTION!
Caution and a steady hand are required to mount and remove samples. You risk
breaking the puck wires unless you work very carefully and you feel comfortable
using tweezers to manipulate samples under the microscope. If you break a wire,
you must replace the entire puck frame and platform along with the wires. Section
10.4.1 explains this procedure.

6.

Use tweezers to place the sample, with its flattest side downward, on top of the grease that is on
the sample platform. Use the blunt edge of a cotton-tipped applicator to gently push the sample
downward if the sample does not rest flat on the platform. The best thermal contact to the sample
occurs when a small amount of grease is squeezed out around all sides of the sample. If you do
not see this grease, the surface of the sample is probably not flat or it contains a burr.

7.

Push the puck interlock arm away from the puck.

8.

Pull the puck off the puck holder. To verify that the sample is attached to the sample platform,
you may turn the puck upside down. Be prepared to catch the sample if it is not securely attached
to the platform. If the sample falls off, return to step 3.

9.

Hold the puck so that the sample platform is facing upward. Slide the thermal radiation shield
over the top of the puck, and then twist the shield to verify that it is securely in position. See
warning in Section 11.3.6.
Use the puck adjustment tool (see Section 9.2) on the puck after the puck has been inserted in the
sample chamber approximately 10 times. By adjusting the tension in the chuck fingers, the puck
adjustment tool ensures solid thermal contact between the puck and the heater block located at
the bottom of the sample chamber.

Note:

10. Use the broken edge of a cotton-tipped applicator to apply a small amount of Apiezon H Grease
to each chuck finger. Apply only enough H Grease to make the fingers slightly sticky.
11. Unplug the vacuum pump if you will not immediately reuse the sample-mounting station.

7.3.4

Insert the Puck
1.

Select the Installation Wizards tab in the Heat Capacity control center.

2.

Select Prepare Sample Measurement. The Installing Puck for Sample Measurement dialog
box opens.

3.

Select Open Chamber to vent the sample chamber and warm it to room temperature.

4.

Insert the puck into the sample chamber when the on-screen instructions prompt you to do so.
The Physical Property Measurement System: Hardware Manual discusses puck insertion in
detail.
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Install the baffle assembly. Verify that the charcoal holder is attached to the bottom of the
assembly. Refer to Figures 3-8 and 3-9B.

CAUTION!
Do not touch the charcoal in the charcoal holder. Touching the charcoal
reduces its ability to absorb helium at low temperatures. Touch only the gold
plate that surrounds the perimeter of the holder.

7.3.5

6.

Insert the baffle assembly into the sample chamber.

7.

Select Purge to purge and seal the sample chamber.

8.

Select Next. Then enter the puck’s serial number.

9.

Select Next. The Current Calibration File panel opens.

Select a Calibration File
Review the information identifying the active .cal file in the Current Calibration File panel (see
Figure 7-1). The panel displays summary informationserial number, creation date, name, title,
temperature range, and the number of associated addenda tablesfor the active .cal file. The serial
number identified in the Current Calibration File panel should match the serial number you entered
previously. A warning message appears at the bottom of the panel if the two numbers do not match.

Figure 7-1. Current Calibration File Panel in Puck Installation Wizard

x
x

If the serial numbers match, indicating that the correct .cal file is selected, select Next to open
the Current Addenda Table panel.
If the serial numbers do not match, indicating that the correct .cal file is not selected, you must
select the correct .cal file. Do the following:
1.

7-4

Select Change in the Current Calibration File panel. The Calorimeter Files dialog box
opens (see Figure 5-1 or 5-7).
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2.

Locate the .cal file that includes the puck’s serial number. The serial number appears in
the name of the file and in the Ser# column. If necessary, adjust the size of the columns or
use the scroll bar to view all information in the columns.

3.

Select the correct .cal file as follows: (a) click anywhere on the row that summarizes the
data saved in the correct .cal file, (b) click on Select, and (c) click on OK in the pop-up
message. The file is selected only when the row is highlighted and the two arrows appear
to the left of it.

4.

Select OK in the Calorimeter Files dialog box. The Current Calibration File panel now
displays all data stored in the .cal file you have activated. Any warning message
disappears if the serial numbers match.

5.

Select Next to open the Current Addenda Table panel.

Select an Addenda Table
Review the information identifying the active addenda table in the Current Addenda Table panel (see
Figure 7-2). The panel displays summary informationtable ID number, creation date, measurement
parameters, title, temperature range, magnetic field at which the measurement was obtained, and any
additional offsets to be appliedfor the active addenda table. A warning message appears at the
bottom of the panel if the active table contains no measurement data.
Although you normally want to select an addenda table at this point, it is also possible to select an
addenda table from a sequence by executing the Switch Addenda sequence command. Refer to
Section 6.7.2 for more information on changing addenda tables from a sequence.

Figure 7-2. Current Addenda Table Panel in Puck Installation Wizard

x

x
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If you want to use the active addenda table, select Next to open the Puck Test Results panel.
If you want to activate another addenda table, do the following:
1.

Select Change in the Current Addenda Table panel. The Addenda Tables dialog box
opens (Figure 6-9).

2.

Select an addenda table as follows: (a) click anywhere on the row that summarizes the data
saved in the addenda table, (b) click on Select, and (c) click on OK in the pop-up message.
The table is selected only when the row is highlighted and the two arrows appear to the left
of it.
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3.

Select OK in the Addenda Tables dialog box. The Current Addenda Table panel now
displays all data stored in the addenda table you have activated.

4.

Select Next to open the Puck Test Results panel.

Test the Puck
The Puck Test Results panel displays the results of a functional test of the electrical connections and
the resistance of the puck. The Heat Capacity software measures the resistance, at the current
temperature, of the platform heater, platform thermometer, and puck thermometer. The test takes a
few seconds and begins as soon as the Puck Test Results panel opens. When the measurement is
complete, a message, indicating the success or failure of the measurement, appears at the bottom of the
panel, and the Measured and Expected temperatures and resistance values appear in the appropriate
columns. The displayed values are in kelvin for the two thermometers and in ohms for the heater.

Figure 7-3. Puck Test Results panel in puck installation wizard. The displayed values are in
kelvin for the two thermometers and in ohms for the heater.

A failure might indicate a broken puck wire or a loose or unplugged cable or that the temperature of
the puck is changing too rapidly. If a puck wire is broken, you must replace the puck frame. Refer to
Section 9.4.1.
x

x

7.3.8
Note:

If you want to retest the puck, select Test Again in the Puck Test Results panel.
Select Next when you are ready to continue. The Data File Name panel opens.

Select a Data File
In certain cases, it might be useful to append new measurements to the end of an existing file.
When you append to an existing file, the original header information and the measurement units
that were originally selected are extracted from the header of the file. You are not prompted to
enter this information when you append to an existing data file.
Review the Header Information in the Data File Name panel. The Header Information lists the
information stored in the header of the active data file.
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Figure 7-4. Data File Name panel in puck installation wizard. The name and location of the
active data file are identified at the top of the panel. The information in the header of the active
file is displayed below the Header Information box. If no data file is active, the Data File
Name and Header Information boxes are blank.

x
x
x

If you want to use the data file that is currently active, select Finish. The Data File Name panel
closes.
If you want to append data to a different data file, select Append to File, select the file, and then
select Open. The Header Information in the Data File Name panel lists the information stored
in the header of the file you have just selected. Select Finish to close the Data File Name panel.
If you want to create a new data file, do the following:
1.

Select Open New File in the Data File Name panel.

2.

Enter the name of the file, and then select Save. If you have entered the name of an
existing file, a pop-up message asks whether you want to replace the existing file. Select
No, and then enter another file name.
Once you save the name of the new data file, the New Data File Information dialog box
opens. The Optional Information displayed in this dialog box is the user-defined
information that will be saved to the data file header.

Quantum Design

3.

Enter a different title for the graph view of the file, if necessary. By default, the file name
is also the title of the graph view.

4.

Review the Sample Information that will be saved to the header of the file. Define the
Sample Information as necessary. Leaving the Sample Information fields blank is
permissible, but allows the resulting heat capacity measurements to be expressed in only
heat capacity units rather than specific heat units. Providing more information increases the
choices of specific heat units for expressing the sample data. The mass error is used in
calculating the specific heat error during a measurement.
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Figure 7-5. Sample information saved to data file header.
information is defined.

In this example, all sample

5.

Review the user-defined Optional Information that will be saved to the file header. Select
Configure List to add, edit, or delete optional items. See Section 4.7.2.1 for more
information.

6.

Select OK. The Units dialog box opens if you defined Sample Information to be saved in
the file header. If you did not define Sample Information, the Data File Name panel
opens again.

7.

If the Units dialog box is open, select the
measurement units, and then select OK.
The Data File Name panel opens again.
The Header Information now displays
the header of the data file you have just
opened. The measurement units you have
selected appear in the lower right corner.

8.

Select Finish to close the Data File
Name panel.

Figure 7-6. Units available for expressing
sample data. The number of user-defined
sample information fields determines which
units are available. In this example, all
possible unit selections are available, because
all sample information was defined.

7.3.9

Run the Heat Capacity Measurement
1.

7-8

Select the Measurement tab in the Heat Capacity control center.
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Select Measure Sample Heat Capacity vs. Temperature. The Heat Capacity Versus
Temperature dialog box opens. You use this dialog box to specify the parameters for the
sample heat capacity measurement. The dialog box displays the values used for the last sample
heat capacity measurement. The parameters are organized into a Setup tab (Figure 7-7) and an
Advanced tab (Figure 7-8). Section Error! Reference source not found. explains the
parameters in more detail.

CAUTION!
Under certain circumstances, residual helium may be absorbed by components of the
calorimeter if the calorimeter is left below 6 K for several hours prior to a
measurement. If this is the case, it is recommended that the system be thermally
cycled to above 6 K prior to a measurement or that you measure with decreasing
temperatures starting above 6 K.

3.

Select the Setup tab. Selecting the Suggest Defaults button in the tab inserts suggested values
for the measurement parameters.

Figure 7-7. Setup Tab in Heat Capacity Versus Temperature Dialog Box

4.

Enter the starting value of the temperature range. Select a value that is within the thermometer
calibration range and the addenda temperature range, which are displayed in the lower left corner
of the dialog box. The first measurement is taken at the starting temperature value.

5.

Enter the ending value of the temperature range. Select a value that is within the thermometer
calibration range and the addenda temperature range. The last measurement is taken at the
ending temperature value.

6.

Enter the number of temperature values, including the starting and ending temperature values, for
which you want to take measurements.

Note:

Quantum Design

Selecting exactly matching measurement points for the sample heat capacity measurement and the
addenda measurement is unnecessary. During the sample heat capacity measurement, the software
uses polynomial interpolation of the active addenda table at the measurement temperatures for
determining the appropriate addenda to subtract.
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7.

Select the type of spacing that is used to separate the temperature values.

8.

Enter a value for the temperature rise.

9.

Enter the number of times a measurement is repeated at each temperature.

10. Select the Advanced tab if you want to review the advanced measurement parameters. Quantum
Design recommends that only default advanced measurement parameters be used. Selecting the
Suggest Defaults button in the tab inserts suggested values for the measurement parameters.

Figure 7-8. Advanced Tab in Heat Capacity Versus Temperature Dialog Box

11. Select the OK button at the bottom of the Heat Capacity Versus Temperature dialog box. The
sample heat capacity measurement begins if the temperature range you defined is within the
thermometer and addenda calibration temperature range.
As soon as the measurement begins to run, the Measurement Status Viewer opens to show the
measurement’s progress. The name of each task that is part of the measurement appears, as it is
performed, in the message list box at the bottom of the Viewer. When the software performs a
new measurement, it presents the data in the measurement-field panels and plots the data as a
graph. Section 4.5 discusses the Measurement Status Viewer in detail.
The bottom status panel in the Heat Capacity control center also indicates the name of each task
as the task is performed.
Section 7.7 describes the heat capacity measurement process in more detail.
12. Wait for the measurement to finish. A measurement lasts several hours or even days. When the
measurement is complete, the Idle and Done messages appear in the bottom status panels in the
Heat Capacity control center.

7.3.9.1

PAUSING OR ABORTING A MEASUREMENT

You may pause and resume a sample heat capacity measurement or abort a measurement at any time.
x
x

To pause a measurement, select Pause in the Measurement Status Viewer.
To abort a measurement, select Abort in the Measurement Status Viewer. You may abort a
paused measurement.

The Resume button in the Viewer is enabled when the measurement is paused.
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Remove the Puck
Refer to the Physical Property Measurement System: Hardware Manual to remove the puck from the
sample chamber.

7.3.11

Remove the Sample from the Sample Platform
1.

Plug in the small vacuum pump that is supplied with the sample-mounting station. Verify that
the sample-mounting station is receiving vacuum.

2.

Slide the thermal radiation shield off the puck if the shield covers the puck.

3.

Place the puck, with the sample platform facing upward, inside the sample-mounting station’s
puck holder. Rotate the puck until the index key slips into the notch at the rear of the holder, and
then gently push the puck into the holder. Verify that the sample platform is properly seated on
the platform holder.

4.

Pivot the puck interlock arm toward the puck so that it grabs and immobilizes the puck. When
the interlock arm is against the puck, vacuum pulls the sample platform downward.
A hissing sound in the puck holder indicates a poor seal between the sample platform and holder.
To eliminate the leak, remove the puck from the holder, clean off all debris that is under the
puck, and then place the puck back inside the holder.

5.

Position the sample-mounting station and the puck below a wide field stereo microscope and a
strong light, if desired.

CAUTION!
Caution and a steady hand are required to mount and remove samples. You
risk breaking the puck wires unless you work very carefully and you feel
comfortable using tweezers to manipulate samples under the microscope. If
you break a wire, you must replace the entire puck frame and platform along
with the wires. Section 10.4.1 explains this procedure.

6.

Use tweezers to gently slide the sample off the platform. Never pull the sample directly up off
the platform. If you pull the sample directly upward, you may pull the platform off its mount and
break the wires.

7.

Push the puck interlock arm away from the puck.

8.

Pull the puck off the puck holder if you will not immediately mount another sample onto the
puck.

9.

Unplug the vacuum pump if you will not immediately reuse the sample-mounting station.
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