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ABSTRACT

Dielectric properties of CaNdAIOA, LaAIOt, SrLaAIOl,

SrLaGa07 and NdGa03 monocryst als, prospective sub-

strate materials for the deposition of high-Tc superconduc-

tors, were measured with high accuracy at frequencies up

to 40 GHz in the temperature range 10 to 300 K. Most ma-

terials exhibit anisotropy while in CaNdA104 and NdGa03

pronounced loss increase was found at temperatures below

100 K, probably of magnetic origin.

I. INTRODUCTION

A remarkable effort has been made to characterize the

dielectric properties of prospective monocrystalline sub-

strates for growing thin film of high-Tc superconductors

( [I] [2] and references therein). However, the design of mi-

crowave superconducting devices in both coplanar and mi-

crostrip configurations requires much more accurate data

than those as yet published. In thk paper we present the

results of a systematic study of the dielectric permitti-
vities of CaNdA104, LaA103, SrLaA104, SrLaGa07 and

NdGaOS monocrystals in the frequency range from 4 GHz

to 40 GHz based on the measurement of self-resonances of

a rectangular cavity completely filled with the investiga-

ted material in the temperature range from 10 K to 300

K. In most cases our measurements improve the existing

data by at least one order of magnitude and considerably

extend the frequency range in which the a.m. materials

are characterized.

11.EXPERIMENTAL

The samples of CaNdA104, SrLaA104, and SrLaGaOT

were prepared from single crystals, exactly X-ray oriented

and cut along the crystallographic axes to form a set of 4

rectangular parallelepipeds (with dimensions of about 6.04

x 5.05 x 2.56 mrn3), which were polished to get an optical

quality surface on all 6 faces. For anisotropic crystals, two

of the parallelepipeds were c-axis oriented along the narro-

west side (referred further to as samples A), While the other
two had c-axis directed along the wider side (samples B).

The samples of LaAIOt and NdGa03 had the form of 10 x

10 x .5 rnnz3 rectangular parallelepipeds. Small deviations

from perfect geometry were found on the level of 0.05%
and averaged final dimensions were used in the calcula-
tions. The samples were covered on all 6 faces by a thin

(-3o rim), sputtered gold film on which a thicker (~30pm),
continuous layer of the same metalwas electrolytically de-

posited. In the final step of sample preparation the gold
layer was cut to expose small, 0.4 x 0.4 mmz coupling ho-

les in opposing cavity walls. The samples were placed with
coupling holes facing very small ( NO.3 mm2 ) coupling loops
terminating two microstrip input and output lines. The
transmission losses of the were measured using either a

network analyzer or the computer controlled GPIB driven

set of separate instruments. Depending on the sample, re-

sonant frequencies of 20 to 32 different cavity modes (from
4 to 40 GHz) were identified and the effective Q-factors

measured, though some of them were too weakly coupled

to assure good accuracy of the measurements in the full

temperature range.

III. MEASUREMENTS AND DISCUSSION

Microwave measurements of anisotropic materials are
difficult and require special care in setting-up the expe-
riment, and interpret at ion of the experimental data. Most

of the investigated crystals exhibit uniaxial anisotropy.
The cavity size along optical axis is denoted by c and

other two sizes as a and b. The relative permit tivity ten-
sor components are s ~, &b,CC, and the relative permeability y

tensor components pa, pb, p.. If uniaxial anisotropy is as-

sumed then,

&a=&b=E, /Ja=~b =/J.

For this case the resonant frequencies of particular modes
become true TM~ and TE~ modes with respect to c-axis
and are determined by the set of equations [3], [5]

(//fhlm =& ~ )$+~+~ , k;c # o,

(la)

(lb)
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where m(ml, mz, m3 ) is the mode index and ka, kb and kc
are the wave numbers.

Observe that if the relative permeabilities u # u, #1,,.,
than the resonant frequency measurements allow to deter-
mine only three quantities e.g. PEC, pc/P and LLE instead
of the four unknowns p, p=, E and cc.

Equations (la) and (lb) are valid for a cavity completely
enclosed by perfectly conducting walls and filled with los-
sless medium. Deviation from these conditions introduces
a coupling between the cavity modes and changes their re-
sonant fre-uuencies in a manner for which no detailed theory

is available.

Assuming the case of small losses, we used Eqs. (la)
and (lb) to determine the real parts of the permittivity

tensor elements, inserting successively an appropriate pair
of measured resonant frequencies of the identified modes,

carefully corrected for detuning effects caused by the finite
conductivity of the walls and the experimentally determi-

ned susceptances of the coupling apertures.
Dielectric losses for each mode were calculated from the

measured half-power linewidth 2AF and the relation

1 1 2
tanc$=– —– —-,

Q.ff Qw.m Q...,
(2)

where Qeff = Fre8/2AF. calculation of wall losses was
done using the conductivity of gold a = 4.17 x 107 [1/flm]

multiplied by a coefficient associated with the deposition
technology, which from our experience with similar gold
films on GaAs was taken to be equal to 0.25. The influence
of couplings on the effective Q-;actor was experimentally

determined bv measurirw the Q’s of cavities with subse-
quently incre&ed surfac;of the ‘coupling holes.

n ,-! ❑

NdGa03 1
2(3 &--kw-L

10 15 20 25 30 35 40
FREQUENCY [(iiHz]

FIG. 1. Real part of the permittivities of LaAIOs and
NdGaOl versus frequency at 298 If.

In Fig.1 we present dielectric permittivities e’ of LaAIOs

and NdGaO.3 versus frequency, demonstrating the accu-

racy of our measurements. Up to the highest frequencies

at which measurements could be performed, the permitti-

vities were found to be constant within the experimental

error.
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FIG. 2. Temperature variation of the permittivities of
LaA103 and NdGaO~. Upper curve for LaAIOs was correc-
ted for thermal contraction of the sample (thermal expansion
coeff. a = 10–5). The a for NdGaOS was not known to us.

Fig.2 shows the variation of d with temperature for these
materials. Upper curve for LaA103, marked with full tri-
angles, has been corrected for the thermal contraction of

the resonator. The measurements were performed around

X-band frequencies but no appreciable deviations from the

c’ (2’) curves were found at higher frequencies.
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FIG. 3. Dielectric permittivities of CaNdA104 and
SrLaA104 versus frequency. Note much higher anisotropy of
the SrLaA104 and the reversal of mamitud= of ~~ and ~’ in
both materials.

In Fig.3 the dielectric permittivities of g; and e’ (e~b ) for
CdNdA104 and SrLaA104 versus frequency are presented.
Here also c: and d are within experimental errors constant

over the microwave region from 8 to 40 GHz. Our results
and in particular strong anisotropy of E’ are first reported
for these materials at microwave frequencies. It is intere-

sting to note that in SrLaAIOA t: > e’, while in CaNdA104
&i> E:.
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FIG.4. Resonant frequency of the fundamental mode of the
cavity filled with SrLaAIOl (geometry B) and with CaNdAIOl
(geometry A)
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FIG.5. Resonant frequency of the fundamental mode of the
cavity filled with SrLaA104 (geometry A) and with CaNdA104
(geometry B). Note opposite slope of the latter curve.

Fig.4and Fig.5 show and compare the temperature de-
pendence of the resonant frequencies of the fundamental

mode of CaNdAIOA and SrLaAIOA for samples A (TE11o

with respect to c-axis) and B (TMOII also with respect of
c-axis). For these modes the electric field is directed re-

spectively along andperpendlcularto c-axisof the crystal.
Surprisingly the frequency shift for the principal modeof

CaNdAIOA with E fields perpendicular to the c-axis has the

oPPosite slope as compared to CaNdA104 with E parallel
toe-axis, as well as compared to both orientations of Ein

SrLaAIOA. This behaviour wasverified onall CaNdAIOA
samples for all resonant modes with E fields perpendicu-

Iarto the optical (c) axis. Thee’(T) dependencies shown

in Fig.4 and in Fig.5, when corrected for all experimental
errors (forgetting for a moment about the irregularities of
the experimental curves of CaNdAIOA below 50 K), can

be explained by a small decrease of the dielectric constant.
Indeed, a similar behaviour was found in LaAlOS, NdGa03
and SrLaGaOT.

polarization, which could cause the decrease of the reso-
nant freauencv (i.e. an increase of e’) of the CaNdAIOA-.
resonator with falling temperature shown in Fig. 5 can be
suggested. Thermal contraction of the cavity as a possible

cause of such an effect can be easily ruled out. The ther-

mal expansion coefficients for both materials has been re-

cent ly reported by P. B yszewski et .al[4]. These coefficients
show an appreciable anisotropy but they are all positive

and comparable, so that they influence the resonance fre-
quencies in a similar way.

One explanation which was considered, is a small incre-

ase of the permeability PC which can be due to the ori-
entation of the reins of the Neodvmium Nd3+ ions. The. “

spin orientation in insulating crystals containing rare earth
ions (with part ially filled ~-shells) grows as 1/T and even
within the model of noninteracting Nd ions can largely ac-

count for the observed effect. Another explanation which

also was in view, is a crystallographic phase transition in

CaNdA104 below 100 K. The physics of these effects is, ho-

wever, beyond the scope of this paper and will be published

elsewhere [51.

We wouid-like to emphasize, that the described above be-
haviour of the dielectric permittivities of CaNdA104 will
cause different frequency shift with temperature in resona-
tors designed respectively in coplanar and microstrip geo-
metries. In particular the increase of the permittivity with
temperature fall, may be advantageous and should lead to

partial compensation of the troublesome temperature fre-
quency shift of the superconducting filters, which is due

to the inherent and inevitable temperature change of the

kinetic induct ante of the superconducting strips.
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FIG. 6. Frequency dependence of the permittivities of
SrLaGaO, (geometry A and B). Permittivities of Si and MgO,
marked with dotted lines, are shown for comparison.

The dielectric permittivities of SrLaGaOT (geometries A
and B) are shown in Fig.6. This material exhibits the hig-

hest anisotropy, offering at the same time for the designers
of superconduct ing microwave components the lowest diel-
ectric permittivity (for E field parallel to c-axis) even as
compared to MgO. The temperature behaviour of the diel-

ectric constant is relatively similar to that of SrLaA104.
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FIG. 7. Loss tangent (c’’/e’) of LaAlOS, SrLaA104 and
SrLaGaOT.

Dielectric iosses versus temperature for LS,A103,
SrLaAL04 and SrLaGa07 arejointly presented in Fig.7.
All these materials exhibit quite similar :“(T) dependence,

however the lowest losses have been measured for t: in

SrLaGaO,.
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FIG. 8. Loss tangent of CaNdAIOA and NdGaOa. Note the
increase of dielectric losses at low temperatures and the local
maximum of losses for E field parallel to c-axis in CaNdA104.

Fig.8 shows the loss tangent versus temperature for

CaNdA104 and NdGa03. These materials were placed to-

gether, because they exhibit a peculiar behaviour of the

losses. In both cases the loss tangent increases at low tem-
peratures. The increase of microwave losses in NdGa03
below 170 K at 6.5 GHz was recently observed by Konaka
et al. [1] and also at 16 GHz by N. Klein[6]. Both materials
contain Nd3 + ions in 4f3 configuration. Each ion has the

magnet ic moment equal 3.62 Bohr magnetons. We suggest

IV. CONCLUSIONS

In conclusion, dielectric properties of CaNdAIOl,

LaAlOS, NdGa03, SrLaA104, and SrLaGa07 monocry-

stals have been measured at microwave frequencies from
4 to 40 GHz and at temperatures from 10 to 300 K with

the accuracy sufficient for precise designing of microwave
superconducting components. Most materials were found
to be uniaxially anisotropic, exhibiting at 300 K permit-
tivities e: ranging from 8.88 for SrLaGa07 (for E field
parallel to the optical c-axis) to 24.18 for LaA103. In

all materials c’ decreases with temperature with the ex-

ception of CaNdA104 where the e: (along optical c-axis)
increases with decreasing temperature. In NdGa03 and

in CaNdAIOl microwave losses unexpectedly increase be-
low 100 K. It is suggested that the magnetic interactions
within the sublattice of neodymium ions with microwave

fields can be responsible for the observed effects.
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