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Low-frequency ac measurement of the Seebeck coefficient
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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 éitarg& mmdiam X 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 Physic§DOI: 10.1063/1.1406930

I. INTRODUCTION always TP, i.e., high-purity copper, wire. Two small heaters

The Seebeck coefficient, also called the thermal emf cogRuQO film coated @ a 2 mmx1.5 mm or smaller ceramic

- . . were glued to the ends of the sample with GE 7031 varnish.
efficient, thermoelectric powdTEP) or thermopower, is the . .
: C The resistance of the heater is about(1 & room tempera-
voltage generated across two points on a material divided b . . .
. . ure and is temperature insensitive down to 50 K. The heater
the temperature difference between the two points. The See- .
. ) currents (, andl,) that we chose are two orthogonal sinu-
beck effect and the Peltier effect, which are two mutually . .
. soidal waves generated by two Keithley 220 current sources.
reversed effects, were widely used for temperature measur

ment, power generation and electronic refrigeratiérBe- The frequency can be varied but the typical frequen_cy we
. . ; used was 0.05 Hz. The frequency of the thermoelectric volt-
sides being an important transport property, the Seebeck co- : : .
o . . . : ge generated is 0.1 Hz. The typical time constahtfgr the
efficient is also essential for understanding the physics o

. . : emperatures of the sample ends to balance is 1-3 s. The
materials both theoretically and experimentaifyTherefore Keithley 220 dc current source has 100 memory locations

it is also important to measure the Seebeck coefficient fa%at can simulate a good sinusoidal wave with some high

andec:?CISSeeeI:)lgeck coefficient measurements, direct curre f{equency components, which generate another ac tempera-
’ Yure difference around 10 Hz. Compared to thef 1-3 s,

(do) measurements usually need a relatively long waiting,, . ) .
) o . his relatively high frequency generates a very low thermal
time for the temperature to stabilize, which makes the mea- . .

S response. Three independent signadlg; (the voltage be-
surement inefficient. There are alternate curr@d setups . .

- ., tween TC wires 1 Vy, (the voltage between TC wireg 2

for the Seebeck coefficient measurement that were descrlbeandv (the voltage of one of the thermocouple phirsere
by Howsonet al® We found that special care needs to be T 9 ple p

taken for ac over that of the dc method. We show that the aén easured by Keithley 181/18?/2182 or Hewlett Packard
) ; . . 4420A nanovoltmeters. The signals were recorded versus
heating method is crucial for getting the correct Seebeck co-

efficient, especially whed S(T)/dT (S denotes the Seebeck time. The voltagesVy; andVy, were good sinusoids as
- . expected. The temperature—voltage relation for the thermo-
coefficient, T denotes temperaturés large. We also show

that this method is useful to measure the Seebeck coefﬁcier(ff)uple pairZrc(V), was calibrated with a very slow cooling/

. ) - _.~warming rate. From th&+c(V) curve, one can get the dif-
under high pressure and show the importance of Ca“bratlo?erence betweerS,,(T) (the thermopower of TC wire )1
under high pressure, which was usually neglected in previougnd Sua(T) (the thelrmopower of TCF:Nire)ZThenSWl(T)

work. was calibrated by pure Pb, using the absolute thermopower
data of Pb from Ref. 6. The thermopower of the sam@de (

Il. SETUP can be extracted by solving

A. General setup Vi =(S—Su)AT, (1)

The setup is shown in Fig. 1. Using indium two thermo-

couples(TCs) were attached to a sample, which had a typical Vuwz=(S=Sw2)AT, @
size of 4 mmx 1.5 mnmix 1.0 mm. The thermocouples used in Vva— Vi
our experiments were of KP/TP, KN/TP or TN/TP, where KP,  T=7T¢| V1+ T) . 3)

KN, TN and TP are ANSI letter-designated thermoelements.
We use TC wire 1 and TC wire 2 to represent them in later .
discussions; TC wire 2 is B. Reducing the errors

Many things can cause, sometimes huge, errors. A Fou-

aCurrent address: Advanced Materials Research Institute, University ofi€l transformation might help us to elucidate the special
New Orleans, New Orleans, LA 70148; electronic mail: fchen@uno.edu errors that only appear in an ac measurement.
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FIG. 1. Setup for TEP measurement. Each pair of thermocouple wires was ® 10 ‘ y T
sputter welded then attached to the sample to make electrical contact by ;=4 mA, 8T=0.10 K _ ppl15 120 125 130 135
' . X - i g
direct welding, silver epoxy or indium. . 3 12 :m.
w
Suppose the temperatures of the two ends of the sample o 1 .2 3 15 120 125 130 135
areT, and Ty, such that T T(K)
FIG. 2. Error for ac thermopower measurement due to fluctuation of the
= AT sample average temperature. The charts on the left show the base tempera-
Ta=T+ 7 +TacOswt, (4) ture fluctuationT. The graphs on the right show corresponding curves for
the Seebeck coefficient measured with such an effioin the charts on the
AT left represents the ac temperature gradient.
Tg=T— - +T5 coswt, (5)

heat sink methodi.e., heat sinking of one sample end and
whereT is the time average of the base temperature of thé&€ating at the other endhe base temperature fluctuates as
sample,AT is the dc temperature differencéT=T,~T,  half of the ac temperature gradient, i.€5 5T/2.

represents the ac temperature gradient, while (T, To show this problem convincingly, we did a test mea-

= surement on a HgB&aCyOg_ s sample. The sample is very
+Tg)/2 represe_nts the ac component of the base .temperatufr?egularly shaped, and thus it is not easy to minimize the dc
of the sample, i.e., the base temperature fluctuation.

W deri he A d temperature differencAT by simply equalizing heater cur-
e can derive(see the Append)x rentsl, andl,. The ac temperature differenéd is ~ 0.11

K in our measurement. By adjusting heating currdgtand
©6) Iy at the two ends othhe sample, we can control the base
temperature fluctuatiom. The result is shown in Fig. 2. The
WhereS, eacuredS the measured experimental quantity for thelaWas 12 mAin all cases, whill, was decreased frgm 14 to
relative thermopowe@(?) is the thermopower for the tem- 4 mA. The left bar chart in Fig. 2 shows the changd ofVe

= L can see that it decreases from about 3t@.05 K, and then
tpuer;agreT, while S'(T) is the derivative of(T) at tempera it goes back up te= 2 K. The right side shows thBvs T

i curve for each case near the superconducting transition tem-
From Eq.(6), we can easily see that when the dc tem-

perature difference across the sample and the base tempepe_rature. We can clearly see that, whieris r_wot sm ‘_5‘"’ the
ture fluctuation across the sample are large compared to tjBermopower has a weird wrong shape, while whies less

ac temperature difference across the sample, and/or whéfan 0.05 K, the curve of the ac measurement is similar to
S'(T) is big, e.g., near the superconducting transition temthat of othe_r high temperature superconductors. A dc mea-
perature, this term could be very large. Note that usually th€Urement gives the sangevs T curve as the fourth curve in
smaller ac temperature differendd is, the finer resolution 19 2, which verifies our conclusion. Equati¢d) was able
versus temperature will be. This is the case we desire accord@ Simulate the weird shapes in Fig. 2 successfully using the
ing to common sense. In such a case, though, the problem @& measured vs T, experimentally measuredl, 6T and a
more serious. One of the common wrong choices is to use &asonable value ofT.

high frequency, in which case the ac temperature gradient Ve found in work reported Ref. 5 that a similarly shaped
across the sample is very small, while the result is seeminglpeebeck coefficient anomaly showed through the transition.
satisfactory because the signal is relatively easy to measuf8 those experiments, the frequency was 6 Hz, and the ac
at high frequency such as 1-10 Hz. In such a case, the d@ot mean squaréms) temperature gradient was about 50
temperature difference across the sampd, is usually —MK. These authors also used the heat sink method, which
much larger compared to the ac o, In the conventional will give T~&T/2 as we argued above. There was much

— = TAT
Sheasured S(T)~S (T)Ty
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discussion of the results of Ref. 5 in Refs. 7 and 8 and our
result also disagrees with that in Ref. 5.

In our method, these problems are eliminated. For heat-
ing currentd , andl,, at the two ends of the sample, we have

Ia=1o cOSwt, (7
lBZIO Sin wt. (8) TCI
The power of the heating iB=12R/2, whereR is the resis- Cul
tance of the heater, so we have
Pao—Pg=13R cos t, 9)
TC2
PatPs=I3R, (10) cw
EA:EB . (11)

Now suppose the sample is symmetric in both shape and
heat coupling. Equatio(®) induces the ac temperature dif- FiG. 3. Setup for TEP measurement under pressure. Point 3 is the hole in
ferenceST. Equation(10) ensures that the total heating of the Be-Cu cap that was sealed by epoxy. The cap can be treated as isother-
the sample does not change over time, i.e., in the ideal cas®al and point 3 is where the pressure changed fRoro 0.

the base temperature fluctuation of the samplés zero.

Equation(11) ensures that the dc heating powers at the two | MEASUREMENT OF THE SEEBECK COEFFICIENT
ends of the sample are the same, which, ideally gives zer- U

AT due to heating. In the real case, the sample shape or thUeNDER PRESSURE

heat coupling between the heater and the sample might not

be symmetric, so we can adjust the heating current of th& The setup is similar to that described in Sec. Il A except

at the sample is in a Teflon pressure cell. Such a setup,
ough, does not give the correct temperature for the sample
Note that, in the general setdit is required that the unless there is information on the portion of thermal voltage

thermocouple wires be insulated from the sample electrically?omnbme‘j from the part _Of thermocouple_s inside the_ pres-
while being thermally conducting. In our method, TC wire 1 sure cell. In order to obtain such information, an additional
actually touches TC wire Zcoppe} and the sample electri- thermocouple should be agded to measure the temperature
cally, which ensures that the thermocouple that measures tifiference because of applied pressure on the thermocouple
temperature difference is very close to the points that genef0Side the pressure cefFig. 3). Two pairs of thermocouples
ate thermal voltage across the sample. As a result, th§cUL/TC1 and Cu2/TG2were attached to the sample at
vacuum environment that is usually required is no longeP0ints 1 and 2(Here we use TC to denote thermocouple
necessary; the sample and the thermocouples can even B¥€ 1 and Cu to denote thermocouple wire 2 the same as in
surrounded by a heat conducting medium. earlier dlscussmm.Arj additional thermocouple wire, TC3,
Our ac method is quite satisfactory. The typical measureWas attached at point 1 and sputter welded to another Cu
ment noise is less than 10 nV/K, and the repeatability on vire (Cu3) at point 3, where the pressure changes to ambient
given sample is within 0.LV/K even with the repositioning Pressure. Another nanovoltmeter was used to measure the
of leads and heaters. For measurements from 20 to 300 (8ignal between Cul and Cu3 to get the temperature differ-
the time required to finish the measurement is only a fewence between points 1 and 3. When the pressure effect of
hours. Slower cooling/heating achieves more precise result§?ermopower on the thermopower of the thermocouple pair
Our method also has some other advantages, e.g., it oni§ small, the temperature difference between point 1 and
requires two pairs of thermocouples to get three independefint 3 can be neglected, i.e., one can use the thermopower
signals; it does not require a long wait at each temperaturéata of thermocouples at ambient pressure to determine the
for stabilization, slow cooling/warming is the only require- base temperature of the sample. In this case, one should bear
ment on temperature; it does not require a vacuum environf the mind that there will be an error using this approxima-
ment; it can be easily adapted for measurements up to tention and always estimate it if it will be crucial to the mea-
peratures of 500 K or more; it can also be adapted fosurement.
measurements under high pressure; it can monitor the base More sources of error need to be considered for ther-
temperature fluctuation during measurement, and predict theopower measurements under pressure. For example, due to
possible incorrect results common to the ac method; morethe heat conducting environment, it is very important to
over, it can minimize/eliminate base-temperature fluctuationnake sure that the temperature difference measured is very
by adjusting the current of the two heaters. close to that which generates the thermal voltage. The

heaters to minimize the base temperature fluctuation, whic
was demonstrated in Fig. 2.
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method mentioned in Sec. Il A was chosen to minimize such
an error. Since the TC wire 1 actually touches TC wire 2
(coppei and the sample electrically, one can arrange them
much closer than in the general cdsehich requires insu-
lation between thermocouple wires 1 and 2.

Another intrinsic source of error, which was neglected in
most previous work, is that of the change of thermopower of
thermocouples under pressure. From Eas-(3), we get

Ve

S:m'(s\Nl_S\NZ)+S\N2- (12

The thermopower we measured this way is a relative value to
the thermopower of thermocouple wire 1 and copper, which
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 thermo-
couples, we have used a “self-calibration” method. We cali- sensor
brated two homemade platinum wire resistors very carefully 7
under pressure. Since we changed the temperature at a very Heater
slow rate, the thermocouples inside the pressure cell are iso-
thermal. Thus the temperature measured using the ther-
mopower data at ambient pressure is accurate. This calibra-
tion turned out to be very repeatable. After we calibrated the
resistors using the thermocouples, we used the resistors HG. 4. Heat-circle method for calibration of thermocouples under pressure.
measure the temperature difference and calcuBijg(P) A miniature platinum wire temperature sensor was located close to the end
—Su»(P). Notice that such a calibration, although requiring ©' e thermocouple.
extreme care, is not as difficult as one might think. The tem-
perature difference we measured 7§(V3) —7°(VP); the _
very small error in the calibration of*(V) and 7°(v) is (e relative thermopower under pressure, and(T)
increased by subtraction. The method we use relies on the Sp(T) ~So(T) be the difference in thermopower under
value [Ta(véll)_,]—b(vg)]_[,]—a(vg)_Tb(vtz))], which can Pressure that we want to calibrate, then we have
be rewritten a§ 72(V3) — T3(V3)]—[7°(V2) — T2(V5)]. We
can see that the requirement of the calibration is less rigorous
since the possible systematic errorBt(V?) or 7°(V°) can- dAT)

\

cels out. The change @&,,(P) with pressure is small and So(T)= ar (13
negligible!® Our actual calibration turned out to have about

0.7%/GPa uncertainty and is the major error of the TEP mea-

surement under pressufelt is due to the fact that it is hard 1 dF (V)

to make the temperature at Pt sensors the same as the tem- = lv=r7Ty - (14
perature at the end of thermocouples inside the pressure cell, So(T) av

i.e., in this calibration, the drawback of a conventional s&tup

is not avoided. We measure the sign®lp between thermocouple P and

the signalV, between thermocouple 0, which can be consid-
B. Heat-cycle method ered to be at ambient pressure, together with the resisnce

Another method for calibration is shown in Fig. 4. Two ©Of the Pt wire resistor sensor.
pairs of thermocouples were used. Thermocouple pair 0 is on  Since,
the cap of the Teflon pressure cell, and thermocouplePair
is inside the pressure cell with a miniature Pt wire tempera-
ture sensor attached to it. The voltages relative to a certain To Tp
reference temperatuig is a state functio’v=F(T) of the Vp= L So(T) dT+ fT Sp(T) dT, (15
temperatureT, and the inverse functiof ~1(V) exists. Let el °
S(T) be the relative thermopowesy,(T) — Sy2(T), Se(T)
be the relative thermopower at ambient pressGT) be  we have
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fl(vp)=f1( fToso(T) dT + fTPSP(T) dT)
Tref TO

Tp
'“7:_1( L_ So(T) dT+AS(TP)(TP_TO))
ref

=F HHATp) +AS(Tp)(Tp—To)) ]

dF " {V)

=Tp+ T|V:F(TP)‘AS(TP)(TP_TO)
AS(Tp)

=Tp+ TPF)’-(TP—TO). (16)

If we have two, taken as A and B, sets of different data

of Vy and Vp at the same temperatui® , which can be
determined by maintaining the sarReas that for the Pt wire, : :
we have i
] AS(Tp)
F V) =Tot gy (Te=To), (17
_ AS(Tp)
F l(VE):TPﬂLW'(TP—TE)- (18

Subtracting the above two equations, we get

FIG. 5. Cell-in-cell method for calibration of thermocouples under pressure.

AS(Tp) ffl(Vé)—]:fl(VE) A Be—Cu cylinder was put inside the Teflon pressure cell. The medium
To) =—- A B inside the Teflon pressure cell was pressurized, while the smaller Be—Cu cell
S(Te To—To was sealed by epoxy and kept at ambient or lower pressure while the whole

setup was cooled.

FHVR)—F HVR)
FH Vo) = F (Vo)

A s measurements. In order to use the differential method in our
Ve~ Ve (19 Pressure cell, we propose a cell-in-cell meth&ly. 5). In-
Vo-VE side the usual Teflon pressure cell, we have another Be—Cu

L . . . cell, which has two small openings at both sides. The ther-
So the procedure of calibration using this method is very . . . .
ocouple wire to be calibrated, e.g., TC wire 1, is fed

simple, but it requires great care, since we need to measufB8 o _
Vé—VE very precisely. By turning on the heater and ramp_through the Be—Cu cell which is ambient or zero pressure,

ing up the temperature slowly, we get two curvilg,vs R~ SPutter welded to TC wire 2, and sealed with epoxy at both
andVp vs R Then by turning off the heater and ramping up €nds. Since the inner cell will not be pressurized when the
the temperature, we get another set of curves. For Bagle ~ Teflon cell is pressurized, the voltage between TC wire 1,
can thus have four voltages that can be used ta\@efrom  Vy,, is generated differentially by the applied pressure,
Eqg. (19. This method, though, has a limitation in that it can while V, is used to measure the temperature difference.
only calibrate Sy;—Sy,. Considering thatS,,, or Sc;,  The thermopower data at ambient pressure can be used to
Changes little under preSSU‘]&thiS is still a gOOd method of determine the temperature difference fr(\fwz by a first-
calibration. order approximation. A few simple recursions would achieve
C. Cell-in-cell method higher precision if necessary.

] ) ) ) Compared to the self-calibration method, the cell-in-cell
To achieve higher accuracy in the thermopower Calll:’ra'method requires both thermal and electrical contact, thus

tion under pressure, a differential method is desired. B”dgeh?inimizing the effect of the heat conducting pressure me-
man used such a method to measure the thermopower

some metals under pressdfeln Bridgeman’s setup, two cc’hum, which was the major source of error in the self-

parallel long cylinders were used, and two identical thermo.c@libration method. Compared to the heat-circle method, the

couples were fed through these two cylinders. Pressure w&€!i-in-cell method is a true differential method, and thus
applied to one of the cylinders and a temperature gradierﬁ’oes not require subtraction of two large voltages to get the
was generated between the ends of the cylinders. The voltagéhall signal. In addition, one can switch TC wires 1 and 2 in
measured between these two identical thermocouples was diur setup and calibrate TC wire 2. For the heat-circle
rectly caused by the change in thermopower under high presnethod, the setup and measurement are simplest, but only
sure. Bridgeman'’s setup was not suitable for low temperaturéhe difference between TC wires 1 and 2 can be calibrated.
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APPENDIX: FIRST-ORDER FOURIER ANALYSIS FOR
ac THERMOPOWER MEASUREMENT

Suppose the temperatures of the two ends of sample are

T, andTg, such that

— AT _
Tao=T+ 7+TA cos wt, (A1)

AT _
——+Tg cOS wt. (A2)

TB:T_ 2

whereT is the time average of the base temperature of the

sample,AT is the dc temperature differencéT=T,—Tg
represents the ac temperature gradient whiles (T,

+7Tg)/2 represents the ac component of the base temperature

of sample, i.e., the base temperature fluctuation.

Chen et al.

AT 2
_7+TB cos wt

=S(T)-8T-coswt+S(T)-AT

1 - L L

+ zs'(T).(TA—TB)-(TA+ Tg)-cos wt
1 —
+§S’(T)~(TA+TB)~AT~COSwt

=S(T)-8T-coswt+S(T)-AT
+S/(T) 6T-T-co? wt
+S'(T)-T-AT-coswt.
Thus,

(A7)

1 (2=
—J (Vpo—Vp)cos wt- dwt
7Jo

27
f S(T)- 8T cod wt- dwt
0

1
G

2m

S(T)-AT coswt- dot
0

+

The voltages relative to a certain reference point at

placesA andB, V, and Vg, are a state functiot?(T) of
temperature§ , andTg. We have

dAT)
S(M=—47— (A3)
Va—Vg
S F= = A4
measure(‘]"_I_A_TB ( )
1 (2=
—f (Vao—Vp)coswt- d(wt)
mJo
= (A5)

(SAT 1
whereS(T) is the relative sample thermopower a8g:asured

is the measured relative thermopower.
We have,

Va—Ve=F(Ta)—~ F(Ts) (A6)
_dAM | T 1 dAT) 1T
~—q7 [T (Ta=D+35 a2 ?-( A= T)

dAT) | — 1 AT —,
— [AT L R
=S(T):| 5 +Ta coswt|+5S'(T)
2 2
AT

2
7+T’A COSwt)

_ [ AT . 1
=S(T)-| = & +Ts coswt| = 5S/(T)

2m - —
+ S'(T)-8T-T coS wt-dwt
0

27 _
+f S (T)-T-AT co? wt- dot
0

=S(T)-6T+S/(T)-T-AT. (A8)

Recalling Eg. A5, we have

— _T-AT
Sheasured S( )%SI(T)Ti (A9)

whereS;casuredS the measured experimental quantity for the
relative thermopower, whil&5(T) is the thermopower for
temperaturer .
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