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Low-frequency ac measurement of the Seebeck coefficient
F. Chen,a) J. C. Cooley, W. L. Hults, and J. L. Smith
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 30 March 2001; accepted for publication 20 July 2001!

We have analyzed the sources of error in the measurement of the Seebeck coefficient and designed
a low frequency ac method to reduce them. This method has high precision in a short time period
compared to commonly used dc methods while it minimizes some major sources of error that other
ac methods do not. Furthermore, the setup can be fit into a 3 mmdiam3 7 mm Teflon pressure cell
and has minimal side effects due to the heat conductance of the pressure medium. We have also
proposed and tested several methods to calibrate the Seebeck coefficient of thermocouples under
pressure. ©2001 American Institute of Physics.@DOI: 10.1063/1.1406930#
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I. INTRODUCTION

The Seebeck coefficient, also called the thermal emf
efficient, thermoelectric power~TEP! or thermopower, is the
voltage generated across two points on a material divided
the temperature difference between the two points. The S
beck effect and the Peltier effect, which are two mutua
reversed effects, were widely used for temperature meas
ment, power generation and electronic refrigeration.1,2 Be-
sides being an important transport property, the Seebeck
efficient is also essential for understanding the physics
materials both theoretically and experimentally.3,4 Therefore
it is also important to measure the Seebeck coefficient
and precisely.

For Seebeck coefficient measurements, direct cur
~dc! measurements usually need a relatively long wait
time for the temperature to stabilize, which makes the m
surement inefficient. There are alternate current~ac! setups
for the Seebeck coefficient measurement that were descr
by Howsonet al.5 We found that special care needs to
taken for ac over that of the dc method. We show that the
heating method is crucial for getting the correct Seebeck
efficient, especially whendS(T)/dT (S denotes the Seebec
coefficient,T denotes temperature! is large. We also show
that this method is useful to measure the Seebeck coeffic
under high pressure and show the importance of calibra
under high pressure, which was usually neglected in prev
work.

II. SETUP

A. General setup

The setup is shown in Fig. 1. Using indium two therm
couples~TCs! were attached to a sample, which had a typi
size of 4 mm31.5 mm31.0 mm. The thermocouples used
our experiments were of KP/TP, KN/TP or TN/TP, where K
KN, TN and TP are ANSI letter-designated thermoeleme
We use TC wire 1 and TC wire 2 to represent them in la
discussions; TC wire 2 is

a!Current address: Advanced Materials Research Institute, Universit
New Orleans, New Orleans, LA 70148; electronic mail: fchen@uno.ed
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always TP, i.e., high-purity copper, wire. Two small heate
(Ru2O film coated on a 2 mm31.5 mm or smaller ceramic!
were glued to the ends of the sample with GE 7031 varn
The resistance of the heater is about 1 kV at room tempera-
ture and is temperature insensitive down to 50 K. The he
currents (I a and I b) that we chose are two orthogonal sin
soidal waves generated by two Keithley 220 current sourc
The frequency can be varied but the typical frequency
used was 0.05 Hz. The frequency of the thermoelectric v
age generated is 0.1 Hz. The typical time constant (t) for the
temperatures of the sample ends to balance is 1–3 s.
Keithley 220 dc current source has 100 memory locatio
that can simulate a good sinusoidal wave with some h
frequency components, which generate another ac temp
ture difference around 10 Hz. Compared to thet of 1–3 s,
this relatively high frequency generates a very low therm
response. Three independent signals,VW1 ~the voltage be-
tween TC wires 1!, VW2 ~the voltage between TC wires 2!
andVT ~the voltage of one of the thermocouple pairs!, were
measured by Keithley 181/182/2182 or Hewlett Pack
34420A nanovoltmeters. The signals were recorded ve
time. The voltagesVW1 and VW2 were good sinusoids a
expected. The temperature–voltage relation for the ther
couple pair,TTC(V), was calibrated with a very slow cooling
warming rate. From theTTC(V) curve, one can get the dif
ference betweenSW1(T) ~the thermopower of TC wire 1!
andSW2(T) ~the thermopower of TC wire 2!. ThenSW1(T)
was calibrated by pure Pb, using the absolute thermopo
data of Pb from Ref. 6. The thermopower of the sampleS)
can be extracted by solving

VW15~S2SW1!DT, ~1!

VW25~S2SW2!DT, ~2!

T5TTCS VT1
VW22VW1

2 D . ~3!

B. Reducing the errors

Many things can cause, sometimes huge, errors. A F
rier transformation might help us to elucidate the spec
errors that only appear in an ac measurement.

of
1 © 2001 American Institute of Physics
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Suppose the temperatures of the two ends of the sam
areTA andTB , such that

TA5T̄1
DT

2
1T̃A cosvt, ~4!

TB5T̄2
DT

2
1T̃B cosvt, ~5!

whereT̄ is the time average of the base temperature of
sample,DT is the dc temperature difference,dT5T̃A2T̃B

represents the ac temperature gradient, whileT̃5(T̃A

1T̃B)/2 represents the ac component of the base tempera
of the sample, i.e., the base temperature fluctuation.

We can derive~see the Appendix!:

Smeasured2S~ T̄!'S8~ T̄!
T̃•DT

dT
, ~6!

whereSmeasuredis the measured experimental quantity for t
relative thermopower,S(T̄) is the thermopower for the tem
peratureT̄, while S8(T̄) is the derivative ofS(T) at tempera-
ture T̄.

From Eq.~6!, we can easily see that when the dc te
perature difference across the sample and the base tem
ture fluctuation across the sample are large compared to
ac temperature difference across the sample, and/or w
S8(T) is big, e.g., near the superconducting transition te
perature, this term could be very large. Note that usually
smaller ac temperature differencedT is, the finer resolution
versus temperature will be. This is the case we desire acc
ing to common sense. In such a case, though, the proble
more serious. One of the common wrong choices is to u
high frequency, in which case the ac temperature grad
across the sample is very small, while the result is seemin
satisfactory because the signal is relatively easy to mea
at high frequency such as 1–10 Hz. In such a case, th
temperature difference across the sample,DT, is usually
much larger compared to the ac one,dT. In the conventional

FIG. 1. Setup for TEP measurement. Each pair of thermocouple wires
sputter welded then attached to the sample to make electrical conta
direct welding, silver epoxy or indium.
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heat sink method~i.e., heat sinking of one sample end an
heating at the other end! the base temperature fluctuates
half of the ac temperature gradient, i.e.,T̃'dT/2.

To show this problem convincingly, we did a test me
surement on a HgBa2CaCu2O62d sample. The sample is ver
irregularly shaped, and thus it is not easy to minimize the
temperature differenceDT by simply equalizing heater cur
rentsI a andI b . The ac temperature differencedT is ; 0.11
K in our measurement. By adjusting heating currentsI a and
I b at the two ends of the sample, we can control the b
temperature fluctuationT̃. The result is shown in Fig. 2. The
I a was 12 mA in all cases, whileI b was decreased from 14 t
4 mA. The left bar chart in Fig. 2 shows the change ofT̃. We
can see that it decreases from about 3 to& 0.05 K, and then
it goes back up to' 2 K. The right side shows theS vs T
curve for each case near the superconducting transition
perature. We can clearly see that, whenT̃ is not small, the
thermopower has a weird wrong shape, while whenT̃ is less
than 0.05 K, the curve of the ac measurement is simila
that of other high temperature superconductors. A dc m
surement gives the sameS vs T curve as the fourth curve in
Fig. 2, which verifies our conclusion. Equation~6! was able
to simulate the weird shapes in Fig. 2 successfully using
dc measuredS vs T, experimentally measuredT̃, dT and a
reasonable value ofDT.

We found in work reported Ref. 5 that a similarly shap
Seebeck coefficient anomaly showed through the transit
In those experiments, the frequency was 6 Hz, and the
root mean square~rms! temperature gradient was about 5
mK. These authors also used the heat sink method, w
will give T̃'dT/2 as we argued above. There was mu

as
by

FIG. 2. Error for ac thermopower measurement due to fluctuation of
sample average temperature. The charts on the left show the base tem

ture fluctuationT̃. The graphs on the right show corresponding curves
the Seebeck coefficient measured with such an error.dT in the charts on the
left represents the ac temperature gradient.
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discussion of the results of Ref. 5 in Refs. 7 and 8 and
result also disagrees with that in Ref. 5.

In our method, these problems are eliminated. For h
ing currentsI a andI b at the two ends of the sample, we ha

I A5I 0 cosvt, ~7!

I B5I 0 sin vt. ~8!

The power of the heating isP5I 2R/2, whereR is the resis-
tance of the heater, so we have

PA2PB5I 0
2R cos 2vt, ~9!

PA1PB5I 0
2R, ~10!

P̄A5 P̄B . ~11!

Now suppose the sample is symmetric in both shape
heat coupling. Equation~9! induces the ac temperature di
ferencedT. Equation~10! ensures that the total heating
the sample does not change over time, i.e., in the ideal c
the base temperature fluctuation of the sampleT̃ is zero.
Equation~11! ensures that the dc heating powers at the t
ends of the sample are the same, which, ideally gives z
DT due to heating. In the real case, the sample shape o
heat coupling between the heater and the sample might
be symmetric, so we can adjust the heating current of
heaters to minimize the base temperature fluctuation, wh
was demonstrated in Fig. 2.

Note that, in the general setup,9 it is required that the
thermocouple wires be insulated from the sample electrica
while being thermally conducting. In our method, TC wire
actually touches TC wire 2~copper! and the sample electri
cally, which ensures that the thermocouple that measures
temperature difference is very close to the points that ge
ate thermal voltage across the sample. As a result,
vacuum environment that is usually required is no lon
necessary; the sample and the thermocouples can eve
surrounded by a heat conducting medium.

Our ac method is quite satisfactory. The typical measu
ment noise is less than 10 nV/K, and the repeatability o
given sample is within 0.1mV/K even with the repositioning
of leads and heaters. For measurements from 20 to 30
the time required to finish the measurement is only a f
hours. Slower cooling/heating achieves more precise res
Our method also has some other advantages, e.g., it
requires two pairs of thermocouples to get three indepen
signals; it does not require a long wait at each tempera
for stabilization, slow cooling/warming is the only requir
ment on temperature; it does not require a vacuum envi
ment; it can be easily adapted for measurements up to
peratures of 500 K or more; it can also be adapted
measurements under high pressure; it can monitor the
temperature fluctuation during measurement, and predic
possible incorrect results common to the ac method; m
over, it can minimize/eliminate base-temperature fluctuat
by adjusting the current of the two heaters.
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III. MEASUREMENT OF THE SEEBECK COEFFICIENT
UNDER PRESSURE

The setup is similar to that described in Sec. II A exce
that the sample is in a Teflon pressure cell. Such a se
though, does not give the correct temperature for the sam
unless there is information on the portion of thermal volta
contributed from the part of thermocouples inside the pr
sure cell. In order to obtain such information, an addition
thermocouple should be added to measure the tempera
difference because of applied pressure on the thermoco
inside the pressure cell~Fig. 3!. Two pairs of thermocouples
~Cu1/TC1 and Cu2/TC2! were attached to the sample
points 1 and 2.~Here we use TC to denote thermocoup
wire 1 and Cu to denote thermocouple wire 2 the same a
earlier discussion.! An additional thermocouple wire, TC3
was attached at point 1 and sputter welded to another
wire ~Cu3! at point 3, where the pressure changes to amb
pressure. Another nanovoltmeter was used to measure
signal between Cu1 and Cu3 to get the temperature dif
ence between points 1 and 3. When the pressure effec
thermopower on the thermopower of the thermocouple p
is small, the temperature difference between point 1 a
point 3 can be neglected, i.e., one can use the thermopo
data of thermocouples at ambient pressure to determine
base temperature of the sample. In this case, one should
in the mind that there will be an error using this approxim
tion and always estimate it if it will be crucial to the me
surement.

More sources of error need to be considered for th
mopower measurements under pressure. For example, d
the heat conducting environment, it is very important
make sure that the temperature difference measured is
close to that which generates the thermal voltage. T

FIG. 3. Setup for TEP measurement under pressure. Point 3 is the ho
the Be–Cu cap that was sealed by epoxy. The cap can be treated as is
mal and point 3 is where the pressure changed fromP to 0.
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method mentioned in Sec. II A was chosen to minimize su
an error. Since the TC wire 1 actually touches TC wire
~copper! and the sample electrically, one can arrange th
much closer than in the general case,9 which requires insu-
lation between thermocouple wires 1 and 2.

Another intrinsic source of error, which was neglected
most previous work, is that of the change of thermopowe
thermocouples under pressure. From Eqs.~1!–~3!, we get

S5
VW2

VW12VW2
•~SW12SW2!1SW2 . ~12!

The thermopower we measured this way is a relative valu
the thermopower of thermocouple wire 1 and copper, wh
also changes under pressure.

IV. CALIBRATION OF THE SEEBECK COEFFICIENT
UNDER PRESSURE

A. Self-calibration using a pair of miniature
thermometers

In order to calibrate the thermopower of these therm
couples, we have used a ‘‘self-calibration’’ method. We ca
brated two homemade platinum wire resistors very caref
under pressure. Since we changed the temperature at a
slow rate, the thermocouples inside the pressure cell are
thermal. Thus the temperature measured using the t
mopower data at ambient pressure is accurate. This cal
tion turned out to be very repeatable. After we calibrated
resistors using the thermocouples, we used the resisto
measure the temperature difference and calculateSW1(P)
2SW2(P). Notice that such a calibration, although requiri
extreme care, is not as difficult as one might think. The te
perature difference we measured isT a(Va)2T b(Vb); the
very small error in the calibration ofT a(V) and T b(V) is
increased by subtraction. The method we use relies on
value @T a(V1

a)2T b(V1
b)#2@T a(V2

a)2T b(V2
b)#, which can

be rewritten as@T a(V1
a)2T a(V2

a)#2@T b(V1
b)2T b(V2

b)#. We
can see that the requirement of the calibration is less rigo
since the possible systematic error onT a(Va) or T b(Vb) can-
cels out. The change ofSW2(P) with pressure is small and
negligible.10 Our actual calibration turned out to have abo
0.7%/GPa uncertainty and is the major error of the TEP m
surement under pressure.11 It is due to the fact that it is hard
to make the temperature at Pt sensors the same as the
perature at the end of thermocouples inside the pressure
i.e., in this calibration, the drawback of a conventional set9

is not avoided.

B. Heat-cycle method

Another method for calibration is shown in Fig. 4. Tw
pairs of thermocouples were used. Thermocouple pair 0 i
the cap of the Teflon pressure cell, and thermocouple paP
is inside the pressure cell with a miniature Pt wire tempe
ture sensor attached to it. The voltages relative to a cer
reference temperatureTref is a state functionV5F(T) of the
temperatureT, and the inverse functionF 21(V) exists. Let
S(T) be the relative thermopowerSW1(T)2SW2(T), S0(T)
be the relative thermopower at ambient pressure,SP(T) be
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the relative thermopower under pressure, andDS(T)
5SP(T)2S0(T) be the difference in thermopower und
pressure that we want to calibrate, then we have

S0~T!5
dF~T!

dT
, ~13!

1

S0~T!
5

dF 21~V!

dV
uV5F(T) . ~14!

We measure the signalVP between thermocouple P an
the signalV0 between thermocouple 0, which can be cons
ered to be at ambient pressure, together with the resistanR
of the Pt wire resistor sensor.

Since,

VP5E
Tref

T0
S0~T! dT1E

T0

TP
SP~T! dT, ~15!

we have

FIG. 4. Heat-circle method for calibration of thermocouples under press
A miniature platinum wire temperature sensor was located close to the
of the thermocouple.
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F 21~VP!5F 21S E
Tref

T0
S0~T! dT1E

T0

TP
SP~T! dTD

'F 21S E
Tref

TP
S0~T! dT1DS~TP!~TP2T0! D

5F 21~F~TP!1DS~TP!~TP2T0!!

5TP1
dF 21~V!

dV
uV5F(TP)•DS~TP!~TP2T0!

5TP1
DS~TP!

S~TP!
•~TP2T0!. ~16!

If we have two, taken as A and B, sets of different da
of V0 and VP at the same temperatureTP , which can be
determined by maintaining the sameR as that for the Pt wire,
we have

F 21~VP
A!5TP1

DS~TP!

S~TP!
•~TP2T0

A!, ~17!

F 21~VP
B!5TP1

DS~TP!

S~TP!
•~TP2T0

B!. ~18!

Subtracting the above two equations, we get

DS~TP!

S~TP!
52

F 21~VP
A!2F 21~VP

B!

T0
A2T0

B

52
F 21~VP

A!2F 21~VP
B!

F 21~V0
A!2F 21~V0

B!

'2
VP

A2VP
B

V0
A2V0

B . ~19!

So the procedure of calibration using this method is v
simple, but it requires great care, since we need to mea
VP

A2VP
B very precisely. By turning on the heater and ram

ing up the temperature slowly, we get two curves,V0 vs R
andVP vs R. Then by turning off the heater and ramping u
the temperature, we get another set of curves. For eachR, we
can thus have four voltages that can be used to getDS from
Eq. ~19!. This method, though, has a limitation in that it ca
only calibrate SW12SW2. Considering thatSW2, or SCu,
changes little under pressure,10 this is still a good method o
calibration.

C. Cell-in-cell method

To achieve higher accuracy in the thermopower calib
tion under pressure, a differential method is desired. Brid
man used such a method to measure the thermopowe
some metals under pressure.10 In Bridgeman’s setup, two
parallel long cylinders were used, and two identical therm
couples were fed through these two cylinders. Pressure
applied to one of the cylinders and a temperature grad
was generated between the ends of the cylinders. The vo
measured between these two identical thermocouples wa
rectly caused by the change in thermopower under high p
sure. Bridgeman’s setup was not suitable for low tempera
y
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measurements. In order to use the differential method in
pressure cell, we propose a cell-in-cell method~Fig. 5!. In-
side the usual Teflon pressure cell, we have another Be
cell, which has two small openings at both sides. The th
mocouple wire to be calibrated, e.g., TC wire 1, is f
through the Be–Cu cell which is ambient or zero pressu
sputter welded to TC wire 2, and sealed with epoxy at b
ends. Since the inner cell will not be pressurized when
Teflon cell is pressurized, the voltage between TC wire
VW1, is generated differentially by the applied pressu
while VW2 is used to measure the temperature differen
The thermopower data at ambient pressure can be use
determine the temperature difference fromVW2 by a first-
order approximation. A few simple recursions would achie
higher precision if necessary.

Compared to the self-calibration method, the cell-in-c
method requires both thermal and electrical contact, t
minimizing the effect of the heat conducting pressure m
dium, which was the major source of error in the se
calibration method. Compared to the heat-circle method,
cell-in-cell method is a true differential method, and th
does not require subtraction of two large voltages to get
small signal. In addition, one can switch TC wires 1 and 2
our setup and calibrate TC wire 2. For the heat-cir
method, the setup and measurement are simplest, but
the difference between TC wires 1 and 2 can be calibrat

FIG. 5. Cell-in-cell method for calibration of thermocouples under press
A Be–Cu cylinder was put inside the Teflon pressure cell. The med
inside the Teflon pressure cell was pressurized, while the smaller Be–Cu
was sealed by epoxy and kept at ambient or lower pressure while the w
setup was cooled.
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APPENDIX: FIRST-ORDER FOURIER ANALYSIS FOR
ac THERMOPOWER MEASUREMENT

Suppose the temperatures of the two ends of sample
TA andTB , such that

TA5T̄1
DT

2
1T̃A cosvt, ~A1!

TB5T̄2
DT

2
1T̃B cosvt. ~A2!

whereT̄ is the time average of the base temperature of
sample,DT is the dc temperature difference,dT5T̃A2T̃B

represents the ac temperature gradient whileT̃5(T̃A

1T̃B)/2 represents the ac component of the base tempera
of sample, i.e., the base temperature fluctuation.

The voltages relative to a certain reference point
placesA and B, VA and VB , are a state functionF(T) of
temperaturesTA andTB . We have

S~T!5
dF~T!

dT
, ~A3!

Smeasured5
ṼA2ṼB

T̃A2T̃B

~A4!

5

1

pE0

2p

~VA2VB!cosvt• d~vt !

dT
, ~A5!

whereS(T) is the relative sample thermopower andSmeasured

is the measured relative thermopower.
We have,

VA2VB5F~TA!2F~TB! ~A6!

'
dF~T!

dT U T̄•~TA2T̄!1
1

2

d2F~T!

dT2 U
T̄

•~TA2T̄!2

2
dF~T!

dT U T̄•~TB2T̄!2
1

2

d2F~T!

dT2 U
T̄

•~TB2T̄!2

5S~ T̄!•S DT

2
1T̃A cosvt D1

1

2
S8~ T̄!

•S DT

2
1T̃A cosvt D 2

2S~ T̄!•S 2
DT

2
1T̃B cosvt D2

1

2
S8~ T̄!
lso
-
-
.

re

e

re

t

•S 2
DT

2
1T̃B cosvt D 2

5S~ T̄!•dT•cosvt1S~ T̄!•DT

1
1

2
S8~ T̄!•~ T̃A2T̃B!•~ T̃A1T̃B!•cos2 vt

1
1

2
S8~ T̄!•~ T̃A1T̃B!•DT•cosvt

5S~ T̄!•dT•cosvt1S~ T̄!•DT

1S8~ T̄!•dT•T̃•cos2 vt

1S8~ T̄!•T̃•DT•cosvt. ~A7!

Thus,

1

pE0

2p

~VA2VB!cosvt•dvt

5
1

p F E
0

2p

S~ T̄!•dT cos2 vt• dvt

1E
0

2p

S~ T̄!•DT cosvt• dvt

1E
0

2p

S8~ T̃!•dT•T̄ cos3 vt•dvt

1E
0

2p

S8~ T̃!•T̃•DT cos2 vt• dvtG
5S~ T̄!•dT1S8~ T̄!•T̃•DT. ~A8!

Recalling Eq. A5, we have

Smeasured2S~ T̄!'S8~ T̄!
T̃•DT

dT
, ~A9!

whereSmeasuredis the measured experimental quantity for t
relative thermopower, whileS(T̄) is the thermopower for
temperatureT̄.
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