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We have designed and modeled new techniques, based orwtmeethod, to measure thermal
conductivity of liquids(k;) and solids(«s) under hydrostatic pressuf®). The system involves a
solid sample immersed in a liquid pressure medium, both of which have unknown thermal
properties. The temperatu(&) and P dependance ok, are first determined through the use of a
modified 3» technique. This method uses a conducting Witg in this work, which is immersed

in the pressure medium, as the heater/sensor. In additios, tthis allows for the accurate
determination of the specific heat per volume of the liquid and #&), and (pC)p,, respectively.

The information ofx; and(pC), can then be used to make corrections to measurements of

which the sample is immersed in the pressure medium, and a metal strip acts as the heater/sensor.
We present thél and P dependence ok, and (pC), for the widely used pressure medium 3M
Fluorinert FC77 up to 0.8 GPa. The measuremenkofor a thermoelectric clathrate material,
SiGaeGesg, in FC77 is analyzed in detail, and the refined data achieves an accuracy of 1%. The
setup can be modified to measurend pC up to 3.5 GPa. €004 American Institute of Physics.
[DOI: 10.1063/1.1805771

I. INTRODUCTION used to measure the of quuid.2 Fast and accurate tempera-
ture sampling, however, becomes the key in such relaxation
Measuring thermal transport properties of solid samplegrofile measurements. The integral time constaet, the
under hydrostatic pressure presents a technical challenge dbiggh frequency cutojf and the associated sensitivity of the
to the large heat loss associated with the pressure mediumoltmeter in turn set the limits for the spacial resolution and
The heat flux though the pressure medium, e.g., 3M Flourithe pulse power, respectively. Although reasonable accuracy
nert FC77, at the room temperature is comparable to thavas reached, improvement is highly desired. The 3
through a Pyrex glass sample ofxILx 10 mn? in the  method™ offers a more convenient way to realize the ther-
steady-state method. The complicated geometry, the possibitral transport inside a pressure medium. A similar arrange-
ity of convection, and the deformation associated with presment of heater-on-surface is typically used in this method.
sure make the related corrections difficult if not impossible.The sample is heated by sending an ac current of angular
The transient method has been proposed to overcome thieequencyw through a metal strip. The temperature is de-
problems' In this measurement, a heater and a sensor arduced from the third harmonic voltage across this heater. The
positioned either between two identical solid samples  conflict that exists in the transient method between a fast
called pseudoinfinite specimeror on the surface of the response and a high sensitivity is largely overcome by the ac
sample immersed in liquid medium. The temperature relaxtock-in technique. Extremely small sample size as well as
ation, after a heating pulse, is measured by the sensor. Ttsgpace-resolvable measurement in the multilayer configura-
relaxation profile, which can be described as a 2D thermation are possible. The faster time window adopted also
diffusion through either a homogeneous medium or two half{argely suppresses the interference from convection, whose
space media, can be mathematically fit with the thermal coneffect decreases with frequency.
ductivity « and the volume thermal capacitane€ as free The correction for the heat lost to the liquid is still
parameters, wherg and C are the density and the mass needed, however, without adopting the inconvenient pseudo-
thermal capacitance, respectively. The heat loss is reducetfifinite geometry. Previously, the “boundary mismatch”
and an accurate correction is possible due to the simple genodel has been proposed to take this correction into
ometry of the system. The same transient method has be@gcount The total thermal flux is regarded as the summation
of the flows into the semi-infinite space of the sample and
that of the liquid, with a ratio which requires the average
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emperatures at two surfaces of the heater to be equal.
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have similar values ok/pC. A further simplification, as will  This wire now acts as the heater/thermometer. The heat
be discussed below, was adopted, and a simple equatiotransport equation can be solved exactly in a 2D cylindrical
Ker = K|+ kg, TOllOws. Here, kg, k|, and ks are the conduc- geometry. The & signal is then fit to this solution to deduce
tivities of the apparent sample-medium combination, the lig-;, (pC), and (pC)p. The measurements have been carried
uid medium, and the solid sample, respectively. Howeverput for FC77 at several pressures.
the justification for this simple correlation is only approxi- The measurement of thew3signal is achieved using a
mate, and our improved experimental resolution enables uStanford Research SR830 digital lockin amplifier, which can
to introduce a higher order correction, which eliminates themeasure multiple harmonics of the reference signal. It should
modeling uncertainty to around 1%. be pointed out that the «3 signal is typically 16 times
To improve upon the procedure of measuriagunder  weaker than the fundamentabIsignal, therefore an analog
pressure, a modified version of the 3nethod has been de- balance circuit is necessary. A constant amplitude ac current
veloped to accurately determine the thermal properties of theource is also desired. A programmable balance bridge with
dielectric liquid under pressure. Once the thermal propertiesery low 3w distortion is preferred since the balance varies
of the pressure medium have been calibrated under pressusggnificantly with the sample temperature. A homemade cir-
these values are incorporated into a standasdn®asure- cuit box was built and is shown in Fig. My is the ac
ment, which utilizes acorrected boundary mismatch ap- voltage output of the SR830 at the frequeney 27f. The
proximation. In addition, thec at the ambient pressure was unit Ul is an instrumentation amplifier that converts the ac
independently measured and the boundary mismatch modebltage source to an ac current source. The ac current with
was experimentally verified. Our results suggest thatin-  constant amplitude is fed to the serially connedigd (the
der pressure can be deduced with a possible deviation leseater/sensor that generates 8igna) and R,y (a 1004}
than a few percent. adjustable potentiometefThe voltage acrosRs is supplied
to a unity-gain differential amplifier U2. The signal is then
fed into one of the differential inputs of the SR8@®). The
Il. EXPERIMENTAL SETUP AND INSTRUMENTATION voltage output fronR,, which should be proportional to the

The hydrostatic pressure is generated inside a Teflof® COMPONENt acrosyy, is supplied to the unit U3, a 12-bit
cell, housed in a Be—Cu high pressure cldhihe electrical Multiplying DAC that is controlled by an IBM PC parallel
leads are Pt wires attached to the heater/thermometer by sfrt: This unit, together with the buffer unit U4, enables the
ver epoxy (EPO-TEC H20E These leads are soldered to automation of the t_)alanqng of thew]_5|gnal with varying
wires with enamel insulation that are fed through a #72 hold€mperature. The signal is then fed into another differential
and sealed by epoxy. The 3M Fluorinert FC77 is used as thE'Puts of SR83UB). Using this setup, thed signal from A
pressure medium in order to achieve highjydrostaticpres- ~ Can be measured to calibrate the cuR@), together with
sure. The pressure was calculated by the force over area {}€ @verage sample temperature; thesignal from the dif-
room temperature. Our previous experiments used supercofgréntial signal, A-B, can be minimized. The£omponent
ducting Pb as a magnometer to measure pressure near ligdi@m the signal A-B is finally measured. This process is
helium temperature and demonstrated that the pressure ofPtirely computer controlled, and there is no need for physi-
tained using this method is within 10% throughout the tem-c&l rewiring.
perature range of 4 K to 300 KThis setup can be modi-
fied to obtain hydrostatic pressure up to 3.5 GPa.

The 3w setup has been documented in detail by C&hill.
In brief, a narrow, thin metal strip is deposited on the surface  We designed two different configurations fap 3hermal
of the sample. This strip is used as both heater and temperaenductivity measurements. To measukg for a solid
ture sensor. An ac signal of angular frequeneyflows  sample, a finite-width strip heater/sensor, which is at the in-
through the strip and generates heat at the angular frequentgrface between the solid sample and liquid medium is used.
2w. This heat further induces a temperature fluctuation)n order to calibrateq under high pressure, a different con-
which is limited by the thermal diffusion of the sample. This figuration with a metal wire heater/sensor surrounded by the
temperature fluctuation can be measured through the heateliquid pressure medium is adopted. In Sec. 11l A 1 we briefly
resistancéR), if its temperaturéT) dependence is known. In discuss the most generabXonfiguration, which is a finite-
the most simple case of a lineR~T correlation, the third width strip on a semi-infinite medium. Then, we generalize
harmonic component of the voltage across the heater willo the case in which the strip is on the interface between two
represent the temperature fluctuation. Measuring the fresemi-infinite media in Sec. lll A 2. In Sec. Ill B we give the
guency(f) dependence of thises3voltage, therefore, allows solution for the new @ configuration in which the heater/
both k and pC to be determined since the thermal diffusion sensor is a wire immersed in the pressure medium.
of solids, i.e., the “cooling power” of the sample, varies with All the ac values have a time-dependent factoe®f!

k, pC, andw in a well defined way. with m=1, 2, and 3 for excitation voltagéV), excitation

We use two different @ setups for measurings and ;. power (P) or temperature riséST), and the & voltage
The measurement of; is similar of that of Cahill's, except (V3,), respectively. For convenience, this factor will be ig-
that in our case the sample is immersed in the pressure meeored in what follows. Each value is typically complex, with
dium FC77. To measure;, a Pt wire of radiusa=5.0um  the real part being the in-phase component and the imaginary
and lengthl=7 mm is immersed in the pressure medium.part being out-phase component. The dc component will be

[lI. CONFIGURATIONS AND MODELING
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FIG. 1. The circuit diagram for a homemade electronic box fowarasurement. The units U1-U4 are AMPO1, AMP03, AD7541A, and OP27 from analog
devices, respectivelfR;=10 K, R;=500-2000, R;=100(}, R,=200), R);;=100(}, R3=33 (), C,=C,=10 pF, andC;=33 pF. The outputs A and B are
connected to the A and B connectors of an SR830 lockin. Note that the unit U1 has a high frequency cutoff of 2 kHz in practice and should be replaced by
an amplifier with a wider bandwidth if higher frequency is desired.

ignored since it does not contribute to the fing),, and In practice, the heater will have a finite widthy,Zo0 the
therefore, the thermal conductivity determination. appropriate superposition of solutions, of the form of &y,
is needed. The steady-state solution for the average tempera-
ture on the heator/sensor then becohes

A. The 3w method with a finite-width strip heater

_PL(7 sir(kb) PL

1. A finite-width strip heater on the surface dk=

= ]—" b 2
of a semi-infinite medium k) (kb)2(K?+g?)Y/2 (ab), ()

Consider an infinitely thin and infinitely long heater on
the surface of a semi-infinite medium of thermal conductiv-where
ity k. The ac power per unit length used to heat this line is
P.. The steady-state solution to the heat equation of the Sir ¢
Fn= f A

system is a thermal wave of the fotm P P de. (3)
oT(r) = ﬂKo(qr), (1) Whenb— o, the problem becomes 1D and the solution
is (Pa/V2wpCk)e (™ whereP,=P, /2b is the power per
unit area.
where KO is the zeroth order modified Bessel fUnCtion, and In most cases, there will be an interfacial thermal resis-
9=+ (2wpCl/ K)i. tanceR between the strip and the sample. In the case of a
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thin insulating layer with an electrically conducting sample, 1 1 1
the effect of the layer can also be approximated by an effec- V_+| = V. + Vl 9
tive R. Equation(2) then becomes s s

Without loss of generality, we can assumg= k. It is
PR natural to approximate Eq7) to

P
6T =—F(qb) + .
’7TK]:(q ) 2b

(4)

Kgi| = Kst ak, (10)

with  the assumption F(gs b)=F(gb), and «
=F(qsyb)/ F(qb) under the boundary mismatch approxima-
tion. In fact, Eq.(10) is a handy generic formula sineecan
II;‘.)e artificially adjusted to correct the boundary mismatch ap-
proximation, the approximation tha&(qgs,b) = F(gb), and
the small variation inx with f.

A matrix formalism provides an exact solution for the

2. A finite-width strip heater on the boundary of two
semi-infinite media

Now let us consider the case that the strip heater is o
the boundary of two semi-infinite medsaand|. We denote
the corresponding physical properties of these two media b

subscript withs and |, respectively, if no further notes are . . .
given P P y case of a strip-heater between two media, even with a non-

In the 1D case, the solution can be simply obtained bytzr? ro |r:'tcei:rfa0|allgge_rrrr1n al rtlast|§ tapC@, between the strip and
defining the power dissipated to medilgand medium to € solid sample. The solution 1S

be P and P, respectively, so tha®=P®+P". The ratio c 2
of P® andP"" can be determined by equalizing the average  s7— ﬂJ sin(kb) 1+ ¥R dk (11)
boundary temperaturesT®=5T". The final solution i3 ™ kb n+ys+nysR
ST =— Pa : gi(m4), (5)  where 5=«;\k?*+g2. Compared to this exact solution, Eq.
V20pCois+ V2wpCik (10) is a simple and intuitive way to estimate both the value

For the general 2D case, a boundary mismatch modeind the error of.
has been previously propostréd'.his approximation models
the problem as two separate semi-infinite media without heat
flow across the boundary. Only the average temperatures d 3« Wire method to measure  «;
the strip are made equal, while the temperature mismatch &t Solution of the 2D diffusion equation
the boundary is tolerated. It has been further assumed that ~gnsider a Pt wire of lengthand diametem which is

Ks+|:Ks+_K|-5 Ks IS the apparent thermal conductivity of the jmersed in an electrically insulating liquid. An ac heating

two media combination, which is treated by fitting the datavoltage ofV is supplied. In the case ¢& a, the system can

as if there is only one semi-infinite medium. In this article, be treated as 2D. We assume that the heat transferred by

K54 IS defined as the apparent thermal conductivity by fittingjiqyig flow is negligible and that the heating is uniform over

the real part of Eq(2) or 4 with parameterss., dsn, andR  the pt wire, such that the power per unit volurt®,) is

in the case of Eq(4). _ (1/7a?)(V?/R), whereR is the resistance of the Pt wire.
However, an improved solution can be deduced every q o symmetry, in the cylindrical 2D subspageé), the

under the boundary mismaltch approximation. The same e,y .-state temperatureTi§). If we use index 1 to denote
ergy conservatioP=P'®+P(" combined with Eq(2) actu- . —, Jnd 2 forr >a. we have

ally leads to @ g
T, 1dT P
L __ms ™ ® R rar ST 12
= . 1
5Ts+| PLf(qu) PL]:(CIIb)
This equation can be further converted to d2-|;2 + 1dT; 2T,=0 (13)
dr® r dr ’
TKsy| _  TK K|
PL]:((;sHb) - PL]:((;sb) + P F(qb)’ (@) whereq;=/(2wp,C1/ k)i andgo=\(2wp,Cs/ k).
The exact solution exists analytically:
or,
P
11 1 Ty = plo(thr) +—5, (14)
=—+_. (8) K101
5Ts+| 5Ts 5TI
Note the difference between the notations with super- T2 = €Ko(Czr), (15

script or subscript foP or T, e.g., 5T and 5T,. For the  wherel, andK, are the zeroth order modified Bessel func-
superscript case, the values are for the same measurementiions.

the two media configuration, thusT® =T =6T,; while The parametersy and & can be determined by requiring
for the subscript case, the valuég,,, 6T and 6T, are from  that the temperature and the heat flux are continuous at the
three different measurements with two media, single mediunpoundaryr =a:

s and homogeneous mediuhrespectively, with poweP, . P

In the case that the same heator/sensor is used8jkEcan be plo(qa) + —V2 = &Ko(gpa), (16)
further expressed in terms of the3/oltage: K141
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FIG. 3. Real and imaginary parts of thew3/oltage vs the logarithm of

FIG. 2. Normalized temperature variation along the radius of the Ptfrequency. The solid circles represent the real part of thev8ltage, the
wire at frequencie$=20 Hz and 2000 Hz. The solid lines are the real parts solid triangles represent the negative imaginary part of the@tage. The
and the dashed lines are the imaginary parts. The values used hegglid and dashed lines are the fit using E2fl).

are x,=71.6 WmtK™, p,=21.4x10°kg/m?, C,=130J/kgK, «,
=0.063 Wm'K™, p,=1.1X 103, C,=1.78x 10° J/kg K.

= pK10111(018) = éx0,K4(0p8), (17)

wherel, andK; are the first order modified Bessel functions.

2. A simplification of the exact solution

Recall that we assume that the heating power is distrib-
uted uniformly throughout the Pt wire, and the temperature
variation across the Pt wire is negligible. This assumption |§/

natural sincex; of the Pt wire is rather high andis small,
thus|g;al <1 andly(qyr) is almost constant when<a. To

demonstrate this, we plot the real part and imaginary part of
T1(r)/|T1(0)| at the frequencies 20 Hz and 2000 Hz for O
<r=a, wherea=5.0 um (Fig. 2). The result shows the de-
viation is less than 0.2% even for our highest frequency;
Therefore, the assumption is verified. Furthermore, we carl%l
treatT,(a) or To(a) as the average temperature of the Pt wire.
Since|q;,al <1 is well satisfied, we can approximate the

boundary conditions in Eq$16) and(17) to

P
7+ —5 = &Ko), (18)
K10y
— S mKi0ha = Exy0pKy(Gpa). (19
This gives the same result derived by Bithe
Pya’
Ty(a) = - (20)
2K2Q2aKl(q2a) - k1(0y@)°
Ko(da)
or, in a format that is easy to fit vs frequency,
Pya?
Ty(a) = Vf )
f ) Vf, —
2Ky f—(l +|)f— +i4macp,C,f
’ Ko( NExt! +i>)
fa
(21)

Wheref2:(1/27Taz)(K2/p2C2).
Compared to the exact solutigkqg. (14)] with four un-
known parameters, the approximate solutj&y. (20)] has

only three unknown parameters. As we will discuss with the
data[Eq. (20)] is not only more suitable for data fitting, but
also more physically intuitive.

IV. DATA AND NUMERICAL FITTING
A. Thermal conductivity of the liquid FC77

In order to adapt the @ method to a wire in a small
ressure cell containing a pressure medium, we chose Pt wire
ith a radius of 5.0um and~7 mm long. The wire, which
is connected to electrical leads by silver epoxy, is manage-
ble but still has a reasonable Q04-wire resistance at room
emperature. As estimated from Sec. Il B 2, the temperature
along the radius of the Pt wire can be treated as constant
(Fig. 2), but the heat capacity of the Pt wire can no longer be
nored.

The 3w voltage vs frequency for the Pt wire immersed in
FC77 at room temperature is plotted in Fig. 3. The symbols
are experimental data and the curves are the fittings using
Eqg.(21). We can see that the model fits the data well without
inclusion of the interfacial thermal resistance between the
wire and the liquid. The x, obtained for FC77 is
0.063 W m! K™, in good agreement with the data from the
manufacturer. The value o0p,C, obtained for FC77 is
2.1 J/cmi, andp,C, for Ptis 2.9 J/cr both in good agree-
ment with known values of the respective materials.

It is obvious that the first term in the denominator of Eq.
(20) is determined by the properties of the material surround-
ing the Pt wire, and the second term is contributed by Pt
wire. In fact, this first term is the solution given by Carslaw
and Jaege]rz, provided that the heat flux at the boundary
equalsPya/2, i.e., when the heat capacitance of the Pt wire
is ignored. A close look at the second term in the denomina-
tor of EqQ.(21) shows that it is only a function gf;C;, while
the value ofk; is insignificant. In fact, the approximation
adopted in Sec. Il B 2 is essentially the assumption that
> 2ma’fp,C,. Equation(21) also shows that when one wants
to obtain more accurate information on the valdg the
frequency range should cover frequencies low enough com-
pared tof,, in our case 30—120 Hz. Frequencies higher than
f, are required to determine reliable information 4 p,C,
when the magnitude of the interface thermal resistance is
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FIG. 6. A demonstration of using boundary mismatch approximation to
FIG. 4.  vs T at differentP for the pressure medium FC7{Circles: P solvek; using a relative method/, was obtained fronV,,; andV. The solid
=0.0 GPa, square®=0.4 GPa, triangles?=0.8 GPa. line is the fit using Eg. (4 and gives a value of g
=0.090+0.003 W it K™%,

large and unknown. The frequenéy, at which the real and
imaginary parts ofT,(a) are equal, is rather difficult to de-
termine. However, simulations indicate that it will not differ

240 K at P=0.4 GPa and around room temperaturePat
=0.8 GPa. Evidence that the anomalies are due to the glass

greatly fromf,. This method can, in principle, be adopted to transition of the FC77 can be seen in the inset of Fig. 5.
measure heat capacity of nanowires, although, one must B&€®: (PCey Which was obtained together witpC),, is
aware thatf* ~f,ca2 and could be a challenge for very plotted versus temperature at the previously mentioned pres-
smalla. sures. No anomalies are detected around the corresponding
Figure 4 shows the, vs T for FC77 at various pressures. temperature regions, thus demonstrating that the peaks in the

We can see thatx increases with pressure from (PC)(T) curves are not experimental artifacts.

77 K to 300 K. The large data scattering at low temperature | NiS wire-heater method can also be applied to measure
the thermal conductivity of solids if the heater can be em-

region is due to the drifting of the temperature during the _ .
measurement. Greater control of the temperature will imP€dded in the sample with good thermal contact. It can also

prove the data fluctuation to within 1%, as demonstrated foP€ 9eneralized for an electrically conducting liquid if the

data near room temperature, where the temperature driftinfgSulation issue can be handled, and if the extra thermal re-
is slower. For room temperature values,increases from Sistance due to insulating layer is considered/modeled. The

0.06 WntK! to 0.18 Wni' K1 when pressure is in- wire-heater method can also be used to meag@eof

creased from 0.0 GPa to 0.8 GPa. The sigm(T, P)/dT nanowires if high enough frequencies can be achieved.
is negative forP=0.0 GPa, which is consistent with the
manufacturer’s data. However, the overad(T,P)/JT be-
comes positive foP=0.4 and 0.8 GPa. The change of sign A clathrate (Sr;Ga¢Gey) sample was measured both
for dx(T,P)/dT near room temperature fd?=0.8 GPa is with and without FC77 medium at ambient pressure. The
coincident with the glass transition of FC77 under highheater/thermometer is90 um wide and insulated from the
pressuré‘.3 Similar data were discussed in detail by Bifde. sample by a Si@layer that is~1 um thick. As an example,
In fact, the glass transition effect is more prominent in thethe 3w voltagesVg,, Vs andV,=1/((1/Vy-(1/Vs,)) at the
pC data. Figure 5 shows th@C), vs T at various pressures. ambient pressure are shown in Fig. 6. For simplicity, only the
The only notable change under pressure are the peaks arourghl parts of the @ voltages are plotted. Over the entire
frequency range, the experimental resolution is much better

B. Thermal conductivity of solid samples

4 5 than the differencél/V¢(w))—(1/Vgy(w)), which enables us
30 to quantitatively evaluate the deviation for both the boundary
25 f mismatch mode[Eqgs. (6)«9)] and the approximatiorks,
3 Jeo ‘/" =k + kg Fitting the valuesv,, Vg, andV, by Eq. (4) gives
<= |2 values of k;=1.25 WmtK™ kg,=1.35 Wnm'K™? and
2217 50 100 150 200 250 300 & 7 K=0.090 W m* K™%, Thus, «; obtained using boundary mis-
Q %@&”* match approximation is 43% larger than the actual value,
. W&f\ssft’w which was acquired from the wire-heater method. Empiri-
q,ar"” cally, we obtaina=1.6 for the newcorrectedboundary mis-
match approximatiofEg. (10)]. In other words, the approxi-
0 mation used by Moon iet al® gives a value that is 60%
50 100 150 200 250 300 larger than the actuad,.
TX) Since we have the exact solution for the 2-medium prob-

FIG. 5. pC vs T at differentP for the pressure medium FC77. Insg€ vs I_em [EQ. (11_)1]’ V_\Ile can indeed fINS+|_ using th7e Vzaluekl
T at differentP for the Pt wire extracted from the same data €8tuares: =0.063 Wm-=K and the valueR=5.0x10" m*K/W

P=0.4 GPa, triangles®=0.8 GPa\ which was obtained by fitting/s with Eq. (4). This fitting
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