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Measurement of the complex dielectric constant down to helium
temperatures. |. Reflection method from 1 MHz to 20 GHz using
an open ended coaxial line

H. C. F. Martens,® J. A. Reedijk, and H. B. Brom
Kamerlingh Onnes Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands

(Received 25 June 1999; accepted for publication 11 November) 1999

The reflection off an open ended coaxial probe pressed against a material under test is used to
determine the complex microwavel MHz—-20 GH2 dielectric response of the material. A
full-wave analysis of the aperture admittance of the probe, in terms of the dielectric properties of the
backing material and the dimensions of the experimental geometry, is given. We discuss the
calibration procedure of the setup and present the complex dielectric response of several materials
determined from the measured reflection coefficient. The results obtained with the open ended coax
interpolate well between data taken at lower and higher frequency bands using different
experimental methods. We demonstrate that this method can be applied to perform dielectric
measurements at cryogenic temperatures.2@0 American Institute of Physics.
[S0034-674800)04802-4

I. INTRODUCTION ten used is the reflection off an open ended coaxial line
which is pressed against a sampie?® Since the material
The study of the dielectric functions=€"—i€", of a  under study must be in close contact with the aperture plane
given material provides valuable insight in charge-carrierof the probe, the open ended co@EC) is most suited for
transport and relaxation processes involVetFor instance, dielectric measurements on liquids and soft condensed mat-
the frequency dependence of the dielectric properties ofer (i.e., polymers, biological tisslie Advantages of this
carbon-black/polymer composites elucidate the morphologyechnique argi) it requires no machining of the sample to fit
of the conductive carbon-black netwotiBelow the optical a measurement celii) after calibration the dielectric prop-
regime <1 THz), many features of are smeared out over erties of a large number of samples can be routinely mea-
decades in frequency, therefore a broadband study is indisured in a relatively short time span, afiiid) measurements
pensable to extract the electronic and structural informatioran be performed in a temperature controlled environment.
present in the complex permittivity. In the analysis of OEC data, the sample is commonly
At low frequencies, f=w/27<100MHz, the wave- assumed to be infinitely thicK,or the effect of a finite thick-
length of an applied electromagnetieM) signal is generally ness is taken into account by approximate expressfons.
much larger than any length scale in the experiment. In thi$lere, a full-wave analysis of the aperture admittance of a
case the applied electric field is constant over the size of theoaxial line terminated with a medium of finite thickness is
sample, and the dielectric properties can be obtained througiiven. Dielectric data from 1 MHz to 20 GHz, at room tem-
multiplication of the measured impedance with an appropriperature and down to 4 K, obtained with the OEC are pre-
ate geometrical factor. At higher frequencies, this assumpsented. The results compare well with dielectric data derived
tion is no longer valid and the explicit wave character of thefrom impedance measurements<{10 MHz), filled wave-
applied stimulus must be taken into account. Up to 20 GHzguide experiments f(=40GHz) and quasioptical experi-
coaxial lines are suited to transport the EM waves onto aments f=100-500 GHz).
sample. The upper limit results from damping of the signal

and higher-mode interference. In the range 10-100 GHz,
hollow waveguides are suitable to guide EM waves and td!- DERIVATION OF THE APERTURE ADMITTANCE

perform dielectric experiments in a narrow bdrﬁjAt even To derive an analytical expression for the aperture ad-
higher frequenciegup to 1 TH2 quasioptical techniques, as ittance of the OEC, we will consider the idealized structure
discussed in the subsequent pﬁr{_eeferred to as papenil  shown in Fig. 1. The configuration consists of a circular
are convenient. Cavity perturbation methods work well 10, yia| transmission line with inner and outer conductor ra-
obtain the Oci)lmplex permittivity of a sample around a singleg;i 4 andb, respectively. The inner and outer conductor are
frequency’® _ _ separated by a dielectric having relative dielectric constant
The present article focuses on the microwdHz— . ' The line is terminated a=0 in a perfectly conducting
GHz) regime, where several broadband coaxial techniquefange fitted to the outer conductor. The probe is backed by
exist to study the dielectric response of a speciffeff.Of- layers of nonmagnetic media. Medium 1 terminating the
line has thicknessl and relative permittivitye;, while the
dElectronic mail: martens@phys.leidenuniv.nl second medium with dielectric constast extends to infin-
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d in the regionz>0 and therefore the aperture admittance. The
EnaREl il 3 effect of finite sample thickness has been first examined by
Fan and co-worker® who derived the(w independent
8| & - z fringing field capacigance of an OEC backed by a layered
medium. Jianget al.”” applied an empirical formulation to
;?gﬁgltedD take into account the finite thickness of a sample.
z0 The additional interface at=d partially reflects the EM
(p',¢",2<0) - (P.$z>0) wave, which is on its turn reflected in the perfectly conduct-

ing flange. Repeated application of the image theorem gives

FIG. 1. Configuration of the open ended coax setup. The coaxial line is
terminated az=0 in a perfectly conducting flang@ground plang The a full-wave equatlon of the EM fields in the reglan>0

probe is backed by two nonmagnetic media with permittividtgsand e, , o — —\n
respectively. Both the flange and terminating media are laterally unbounded. H’ _ €27 €
Z)= =—=| X[H,(p,z+2nd
¢( ) 20 1+ 50n €2+ €1 [ ¢(p )
ity. Both the ground plane and the terminating media are +H y(p.z—2nd)] 3)

assumed to be laterally unbounded. The natural choice to

make for this geometry is to work with cylindrical coordi- This expression is essentially a sum of the fields generated

nates, which we denote ap'(¢’',z<0) for the coaxial re- by the stimulus az=0 plus all its induced images at=

gion and p, ¢,z=0) for the layered half-space. The aperture = 2dn; the Kronecker delta symbob,, prevents double

admittance can be obtained by matching the electromagnet@munting of the original stimulus.

fields at the interfacez=0) between the coaxial line and the Matching the EM fields Eqs(l) and (3) at z=0 and

infinite layered half-space=0.1>"*" assuming that the aperture electric field strength is given by
We assume that the coaxial line is excited in its principalthe principal TEM modé/ the normalized aperture admit-

transverse electromagnefitEM) mode, then the fields in- tanceY=(1-T)/(1+T,) evaluates to

side the coaxial regionz&0) consist of a superposition of

forward traveling and reflected TEM waves and a series of 2|w€1€0

evanescent TM modes stemming from the discontinuity at B

z=0. Due to the azimuthal symmetry of the probleity, is

the only nonvanishing magnetic component of the EM

: 15 b b [fmeY1l'n
fields: XJ J J cos¢"d¢"dp’dp 4
aJalJo In

E (2— 50n>

e+e
In

a

o

Ao
= (Y- — 7z Yo~ YmZ
Hy p' (€7~ Tpe 7 )+mz:1 AmZm(p’)e 7T with r,=\p?+ p'?+4n?d°—2pp’ cos¢’. This integral ex-
a<p'<b, z=0 1) pression for the aperture admittance can be approximated by
' making a series expansion of the teeft'n,*’ giving

with y.=i(w/c) e, the TEM-propagation constant in the

coaxial line and’', the reflection coefficient of the principal Y=Y+ Yo+ Yt Yt

TEM mode, Ay and A, are measures for the amplitudes of

the TEM, respectively, TM modes. The functiods,(p’) v, = e 2"*’6160 Z (2= Son)
n

(denoting a linear combination ofi™order Bessel functions

of the first and second kindare the orthonormal eigenfunc-
tions of a Bessel differential equation at eigenvaldgand
represent the radial distribution of the TM modes. The
propagation constant of the damped TM modes is given by
Vm= \/)\m2 + ycz. The mathematical properties of these higher
order modes are discussed in detail in Refs. 15 and 16. The Y2=0,

In

a

€€ cos¢”
52+€1) f f f d¢"dp’dp.

electrical components of the EM fields follow by application ®)
of the Maxwell equatiorV xH= e.dE/dt. Y= _ Thow “eleo 2 (2 891)
In the case thatl—« the field in the half-space=0 inl 2 b "
resulting from the excitation a=0 is given by®1’ a
Iw?l60 b ! ! !
Hy(p,2)=— > Ja E,(p",0p'dp 62+61) f f J cos¢"r,d¢"dp’dp,
27 @71f 3/2 452 _5[2 =
f cos¢”"de”, (2 Mo @ € €g

Y4 —2—b E (2 50n)
oof3]]
a

where ¢"=¢— ¢’ andr=\p’+p'2—2pp' cos¢’+7Z the
distance to the source and=i(w/c) e;.

In general, the material under study will have a finite
thicknessd. The layered geometry will change the EM fields

"2 ”
52+€1) f f f cos¢"ride"dp dp.



Rev. Sci. Instrum., Vol. 71, No. 2, February 2000 Complex dielectric constant 475

SinceY; is essentially a product ab, a combination ofe; ~ TABLE I. Empirical parameters describing the dielectric repsofuseng
and’e,, and geometrical factors, it corresponds to fre- ~ the Cole-Cole formuldRef. 24 e=e.+ (& e.)/[1+ (io7)“]} at 293 K

T . S . of the reference materials used in the calibration of the OEC probe.
quency independentringing field capacitance as was also

calculated by Faret al,'® and which is a good approxima-  Reference material e .. +[ps «
tion for the low frequenpy adm!ttance._ The second term is othanol 243 .86 o3 001
only dependent on the integration variables through¢fos ethanol 256 4.33 173.0 0.00
and consequently goes to zero upon angular integration. The  2-propanol 19.5 3.33 382.0 0.02
third term is aw dependent correction to the fringing field 1-octanot 10.71 3.31 1495.0 0.00
capacitanceY, can be associated with radiation loss and 3.31 2.54 64.6 0.00
does not depend aih The threefold integrals in E@5) only t(cq)lIJut:]Ze i'gé
depend on the geometry of the problem and can be evaluated teflon 206

numerically; depending on the dielectric constants of sample sapphire 9.4

and backing medium the sums can be truncated at a finite
In the present study, the integrals were determined to a
accuracy of 104, and the sums could be truncated above
n=10. When the dielectric properties of the backing layer
(e,) are known, the sample permittivity; can be derived
from the measured aperture admittance.

;I’he dielectric data of 1-octanol are fitted with two overlapping Debye
dispersions.

circuit. For the remaining calibration measurements we have
several highly purified reference liquids at our disposal, to-
gether with well characterized solids like teflon, sapphire,
Ill. CALIBRATION PROCEDURE and quartz. In our opinion, the dispersion-léap to GHz

Experimentally, the aperture admittance is derived fromfrequenue}s standards toluene, quartz, teflon, and sapphire

the measured reflection coefficidnt, at the analyzer port. In are more reliable. Among the most accurately defined polar
L . e . liquids are watet and the primary alcohdl$? (see Ref. 20
general,I',, will differ from the reflection coefficient at the

aperture planel’y, due to imperfection and finite length of for a more extensive list of reference liquidsiowever, di-

the connections between the probe and measurement appaﬁlﬁcmc data of sufficient accuracy are scarce. Therefore ex-

tus. At a single frequency, the relationship between the medensive measurements were carried out to obtain a satisfac-

sured reflection coefficient and aperture admittance can b description of the standards employed in our study. To
expressed as describe the response of the polar liquids, the Cole—Cole

formuld* €= €.+ (es— €,.)/[1+ (iw7)?] is used, wheres,
_alp+b and €., represent the static, respectively, high frequency di-
el t+1° electric constantr is the average dipolar relaxation time and
a is a measure for the distribution in relaxation times. The

measurement of three reference materials with accuratel arameters_ use(_j to characterize the standards_ln t_he present
tudy are listed in Table I, and compare well with literature

known dielectric properties. Commonly, two of these refer- |
ences are an open and a short circuit, while the third refer/a!ues. , . ) )
Due to the relatively simple configuration of the OEC,

ence should preferably be chosen in the expeetemhge of :
the sample. However, as the parameterd, andc (which the measurements can be easily extended to a temperature-

actually describe the impedance transformation occuring beeontrolled - environment. However, several experimental
tween the analyzer port and measurement plareindepen- proplems arise that must be paid attenyon to. First, when
dent of the aperture admittance, the use of any three wefiooling, care must be taken to keep physical contact between
defined standards suffices to extrapolate a measured refldf® Sample and measurement plane of the probe down to the
tion coefficient to the experimentéample aperture admit- lowest temperatures. This can be achieved by pressing the
tance. sample very tight by to the probe using for instance a clamp-
Unfortunately, it is widely recognized that materials hav- ing construction. A problem that can be encountered with the
ing their dielectric response characterized to the degree negemirigid lines is shrinkage of the inner conductor compared
essary for calibration purposes are rare. By taking more star{0 the outer conductor due to which the electrical contact
dards, this problem can be circumvented and an improvetith the sample gets lost. We circumvented this problem by
calibration of the probe can be obtained; here we follow theduilding a small rigid probe supplied with(&MA) connec-
suggestions of Evans and Michels@rSince the admittance tor which is attached to the end of a rigid coax by means of
of a short circuitY, is always orders of magnitude larger @ counter connector, see Fig. 2. We encountered no difficul-
than any other available standard, the calibration procedurées in cooling these connections down to 4 K. Another point
can be simplified by takinyg,—c from which it follows of concern is the calibration of the setup. Due to thermal
thatc=—1/T,. The remaining two parameters can be ob-shrinkage of the coaxial line the electric delay of the experi-
tained from a linear regression procedure. Using a variety ofnental setup changes. Furthermore, line loss due to skin re-
dielectric standards an accurate calibration of the OEC isistance decreases upon cooling, giving a higher absolute
possible. value of the reflected signal. To correct for these effects, it is
For the open calibration the OEC is kept in air; a slab ofnecessary to perform at least one three-point calibration at
indium was found to give a good and reproducible shortthe desired temperature. Using short, open, and quartz stan-

(6)

The coefficientsa, b, and c can be determined from the
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to analyzer 40 T T T T T T 100

0.141" semi-rigid
coaxial line

SMA connector

o Lt I 1 1 1 1 L | 0.01
107 10®  10° 10" 107 10®  10°  10'°

SMA connector w/2m [Hz] w/2m [Hz]

FIG. 3. Real and imaginary part of the dielectric function in the range 10
OEC probe MHz-20 GHz of methanolopen triangles ethanol (dotg, 2-propanol
(open circleg and 1-octanolclosed trianglesobtained with an open ended
coaxial probe. The solid lines are fits to the empirical Cole-Cole equation,
see Table I.

GHz, between 50 MHz and 13.5 GHz a HP8719D was used,
and from 8 to 18 GHz the experiments were performed with

\ A Sample an ABmm MVNA.
d ) p . . . . .
i ’ In Fig. 3, room temperature dielectric data obtained with

. the OEC on 1-octanol, 2-propanol, ethanol, and methanol are
Teflon backing . . .
layer plotted. Data taken with different analyzers are in excellent
mutual agreement. The solid lines represent the theoretical
curves according to the values listed in Table I. An example
of a measurement on a solid material is shown in Fig. 4. The
FIG. 2. Schematic drawing of the insert designed for the low temperaturd€@l part of the dle|('§(?tl’lc permittivity” and the alterngtmg-
OEC measurements. The probe is attached by means of a SMA connecti@urrent(ac) conductivity o’ = wepe” of an agglomeration of
to a cryogenic semirigid coaxial line which transports the signal to thedjelectric spheres coated with a conducting layer was mea-
analyzer. The outgr dlameter of the probe is 16.0 mm, while the inner an%ured over a broad frequency rar?g'éhe data taken with the
outer conductor dimensions ar@21.27 and »=4.13 mm, respectively. . -
The probe is pressed against the sample which is placed on a thick piece _QEC (black dotg interpolate V\_’e” with the 'feSU“S Of_ standard
teflon. A clamping construction was used to affirm good contact between thémpedance measurements in a sandwich configuratfon (
measurement plane and sample down to the lowest temperatures. <10 MHZ) and data obtained from measurements in a rect-
angular waveguidé40 GH2 and quasioptical measurements
dards dielectric measurements at GHz frequencies werg00—500 GHzon the same sample. The same is true for the
made down to 4 K. OEC measurements on a carbon-black/polymer composite in
the range 4-300 K, see Fig. 5 and paper Il. Using open,
short, and quartz calibration standards accurate dielectric
IV. EXPERIMENTAL RESULTS measurements at GHz frequencies can be performed down to

the lowest temperatures.
For the experiments presented here a probe was con-

structed based on a teflon-filled coaxial line witha 2
=1.27mm and B=4.13mm, fitted with a flange of 3 cm V- DISCUSSION
diameter. The backing material consists of a teflon cylinder In the frequency range 1 MHz—20 GHz, accurate and
(e,=2.06+0.00). The dimension$30 mm diameter and a reproducible dielectric measurements can be performed with
length of at least 30 minwere sufficiently large to mimic an
infinite medium. The teflon cylinder also serves to press the
sample against the OEC. Typical dimensions of solid
samples studied art~0.5—5 mm and diameter of the order
of 1-2 cm.

The low temperature data were taken with a similar -,
probe with a somewhat smaller flange attached to a 0.141 in.
cryogenic semirigid coaxial cable as is shown in Fig. 2. A

4107

1q~
41027
N
H10 E;

—_
—7-‘# 4107

clamping construction was used to ensure good electrical ) S S ] H S S R SRR Yot
contact between the probe and sample; no contact problems 10° 107 10° 10%10™107110110% 107 107 10%10" 1011072
occured down to 4 K. Temperature variation between 4 and w/2m [Hz] w/2n [Hz]

300 K was achieved in an Oxford-Instruments flow cryostat.
The temperature was measured using a RhFe thermometefs. 4. Dielectric constan¢’ and conductivityo’ = wepe” of an agglom-

; ; tion of dielectric spheres coated with a conducting ldRRaf. 6. The
mounted close to the §ample, durmg a single measuremeﬁgats are data obtained with the OEC. The results overlap well with data
the temperature remained stable within 0.5 K. Reflectionayen at low frequencgimpedance measurement, drawn Jiaed high fre-

data were taken with a HP4291A in the range 1 MHz—1.8quency(filled waveguide and quasioptical method, cirgles
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300K | ' 7 ing lines, connectors or probe and drift in the measurement
sax T > apparatus can render a previously performed calibration use-
3 == less. These problems are circumvented by using a rigid ex-
perimental setup and performing the sample measurements

directly after the calibration procedure. Flexing of the lines
" during measurement and calibration procedure is avoided,

and care is taken to tightly fit all connectors. As a check up,
108 10° 1010 108 10° 1010 several open circuits are taken during a measurement cycle

w/2m [Hz] w/2m [Hz] which are afterwards inspected for mutual correspondence.

) ] o In summary, over the full frequency range 1 MHz-20

F,IG. 5. Temper_at_ure/and fre(juency dependence of the dielectric perml_tthlt)GHZ €' can be accurately determined. Below 100 MHz for

€' and conductivityo’ = wege” of a carbon-black/polymer composite with . .

the conductive filler concentration above the percolation threshpld ( smalle” values the OEC is not accurate and |mpedance mea-

=1 vol %) (Ref. 3. Using the OEC technique accurate dielectric measure-SUrements are more suited to determitie
ments at GHz frequencies can be made down to liquid helium temperatures.

m04«4dc o0
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