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The variable spacing parallel plate resond8&PPR is a microwave transmission line resonator

with a continuously variable thickness of the dielectric spacer between the superconducting or
metallic plates, filled by cryogenic liquid or vacuum. We measure the dielectric spacer thickness
dependencies of the resonator frequency and quality factor, and fit them to theoretical forms, in
order to extract the absolute values of penetration depthnd surface resistand®,. A cryogenic
micropositioning setup is developed to vary the spacer thickness from 0 t@rhi@@th a resolution

of 8.5 nm, and to maintain parallelism of the resonator plates. Measurement of ac capacitance
between the plates is utilized to directly determine the separation between the resonator plates and
to reduce the effect of their tilt and nonflatness on the accuracy of the med&uaed \. Because

the operating temperature is fix€d7 K), the result for a superconductor is independent ofian

priori model for the penetration depth versus temperature. This technique can also be employed as
a surface impedance standard for characterization of high temperature superconducting films for
microwave applications. @000 American Institute of Physid$S0034-6748)0)03605-4

I. INTRODUCTION sic (charge carrier density, pairing state symmetry, quasipar-
ticle excitation spectrum, and relaxation timend extrinsic
properties (microstructur¢ of the specimen under study.
] _ ~_ These properties can be deduced from the surface impedance
In.the last decade, _great progress in the investigation oiS: i mowl o (local limit) measured as a function of tem-
the microwave surface impedanzg=R,+iX of supercon-  parature, applied magnetic field, doping, or impurity concen-
ductprs has been qch|eved. This progress, t_)as_ed on the piation. Here, the complex conductivitg;= o, —io,, is a
neering works of P|ppgf‘dand others, was reinvigorated by fyndamental quantity which theories of superconductivity
the discovery of high temperature superconductivityare gple to calculat:** However, the inability to determine
(HTS).”* An additional impetus for the development was thepgth the surface resistance and the absolute valudafthe
appearance of a new family of synthesized microwavesame sample often hampers the effort to construct the com-
sources and network anal)_/zers, which enabled many novejiex conductivity from the surface impedance data. For in-
techniques to be d(_avelop"ea (see also references in Sec. siance, the real part of the conductivity can be extracted
I B). Most of them give accurate determinations of the absof;qm R, only if the absolutex is available'2
lute value of the surface resistande,, and provide very The appearance of low loss HTS epitaxial thin films on
sensitive measurements of changes in the surface reactangggle-crystal dielectric substrates has led to a rapidly grow-
Xs=pow) or the magnetic penetration depthHowever, it ng field of superconducting wireless communication. Here,
is still a problem to experimentally determine the absolutey knowledge of the surface impedance is important to get the
value of\ because it is rather small—on the order of tens tooptimum performance of superconducting rf/microwave
hundreds of nanometers. In fact, unliks measurements, components and circuif$3 Another important issue is the

today there is no well-established universal and commonlystaplishment of a standard characterization technique for
accepted technique for determination of the absolute penetrayts thin films for microwave applicatioré.

tion depth in superconductors.
Investigation of superconducting surface impedance is
important because it yields valuable information about intrin-B. How to measure the absolute penetration depth?

A. Why measure the absolute penetration depth and
surface resistance?

Though various experimental methods have been devel-

dpresent address: Neocera, Inc., 10000 Virginia Manor Road, Beltsvilleoped to study the magnetic penetration depth in supercon-
MD 20705. Also at Institute for Physics of Microstructures of the RUSSianductorS(usuaIIy thin films or single crysta)|§'8*12'15*160nly a

Academy of Sciences, Nizhny Novgorod, Russia. .
bAlso at Dipartimento di Fisica, Universitdegli Studi di Salerno, Baro- €W Of them are suitable for measurement of the absolute

nissi, Salerno 1-84081, ltaly. They may be divided into the following four categories: ab-
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solute length scale techniques, reflection or transmissiod. Reflection /transmission of electromagnetic field
measurements of electromagnetic fieldaitual inductance, The mutual inductance technidde*is based on a mea-

microwave/millimeter wave, infraredIR) spectroscopy  syrement of the mutual ac inductance of two axially symmet-
measurement of internal magnetic field distributionuon  yic cojls separated by a superconducting film. This technique
spin rotatlon[,uSR], neutron scatteringand Josephson tun- s gccurate for film thickness up to Am for typical HTS
neling experiments. films (\~300 nm, sample linear size is 12 mm by 12 mm
An accurate knowledge of the film thickness and its unifor-
mity are required over the entire sample.
1. Absolute length scale techniques Microwave/millimeter wave reflection/transmission
techniques measui® parameters of a coaxial or cylindrical
These techniques are generally based on the effect afaveguide terminated by the superconductive sarfgie:>°
electromagnetic field exclusion in the Meissner state of arhe reflection measurements are not suitable to reliably mea-
superconductor. For single crystals, these include dc/asure an absolutd. The transmission methods are limited
magnetometrt/ and rf/microwave resonator perturbation mainly to very thin films of homogeneous thickness and of-
technique$:®*®In all of them, an absolute length scdlés  ten complicated by a leakage of radiation around the sample.
the specimen’s linear dimension and the measured sifpral IR spectroscopy has the advantage of working with
example, shift in the resonant frequency between the emptyery small samplessingle crystals and allows one to esti-
and perturbed resonajds proportional to (— y\) X (area of  mate all three components of the penetration depth in aniso-
the samplg where y~1 depends on the sample geometrytropic superconductors. However, it is very demanding tech-
and the field configuration. Usually, for crystals/|  nically and subject to uncertainty due to the finite frequency
~103-10* and the relevant calibration does not allow measurement range.
one to measure an absolute In the case of a resonator in
which all or a substantial part of it is made up of the super-5 Probing of internal magnetic field distribution
conductive material] =1/ uow, wherel is the so-called ) i ) )
resonator geometrical factor. The resonant frequendgds The muon spin rotation/relaxatiduSR) techniqu
=fo(1—\/21), wheref, is the frequency of the same per- has _the advanfcage of being a bulk measure_mem_, dfut
fectly conducting resonator. Cavity-like resonators, such a&eauires a detailed model of the Supgsfggndudm,g mixed state.
end-platé® or dielectric resonaté~22havel on the order of Polarized neutron reflectomettPNR)*>>>"is sensitive to the

the wavelength of electromagnetic radiation and the rati¢hape of the magnetic flux penetration profile itself, rather
MI1<10"% is rather small. Planar resonators. such adhan justthe penetrated magnetic flux. However, even for the

stripliné®=25 or conventional parallel plafé~8 carry a best epitaxial HTS films available, the overall surface topol-
, . . . . . P 6
slowed-down electromagnetic wave with the phase velocity?dY iS 100 poor to obtain. with sufficient precisior?

Con=C/Veer(1+2N5),3® where ¢ is the light velocity in

vacuum, e is the effective dielectric constant of the trans- 4. Josephson tunneling
mission line, ands is the dielectric thickness. They have a
high sensitivity to theipzenetrau_on depttiown to 0.1 N, |46 ). Its main limitation is the requirement that a Josephson
becauser/I =2\/s~10""-10 " in this case. However, nei- jnction be made with the material of interest.

ther the cavity-like nor planar resonators are suitable for di-

é2—54

This technigue provides an accurate estimation of abso-

rect measurement of absolute(except possibly for the co- In the present article, we describe the development of a
planar resonaté?*}, and only changes i\ may be variable spacing parallel plate resonatgSPPR, first sug-
extracted from the experiment. gested in Ref. 57, which is a Meissner-state resonant tech-

The only possibléand commonly usedvay to evaluate nique to obtain the absolute. The VSPPR’s main novel
an absolutex (T=0) using the above techniques involves feature is a continuously variable absolute length scale, the
fitting of the measured temperature dependence of the pahickness of the dielectric spacer. This allows us to accu-
rameter relevant to the changeshicommonly, shift in the rately determine the absolute value)o¥ia continuous mea-
resonant frequengyto a theoretical dependence fa(T). surements of the VSPPR resonant frequency as a function of
Usually, this procedure works properly for conventional su-the dielectric spacer thickness. The technique is quite simple,
perconductors where appropriate modégo fluid or BC9 allows one to investigate both thin films and bulk samples,
for N\(T) are well established. However, such models fail inand provides absolute values fBg and \ in the same ex-
the presence of extrinsic effects in the sample under study. Iperiment, at the same frequency and temperature. Their ex-
the case of HTS, there is a lack of suitable models\fgr), traction from the experimental data is based on a straightfor-
and usually the absolute values deduced from experiment ward analytical electrodynamic description of the resonator
are strongly dependeftp to 50% on the form of the tem- (and magnetic field penetration into the sampleghile no
perature model assumé®*243 assumptions about the nature of the superconducting state

The other three categories of techniques generally allovare made. The VSPPR is fully compatible with the conven-
one to measure absolukewithout the need to determine the tional parallel plate resonator technigt¥e*>which allows
absolute length scale. When combined with techniques obne to get the temperature dependenc&pénd )\, so that
measuring the surface impedance, they allow one to recorthe full complex conductivity of the superconductor can be
struct the complex conductivity.82 constructed.
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\/ z Here, f, is the resonant frequency of the perfectly conduct-
‘ﬂ_ ing VSPPR with no fringe effect and is the fringe effect
substrate e, geometrical factor. One can see from Ed) that for the
s] dielectric spacer ¢, tand spacer thickness< (\¢q/@)*2~30um for A~200 nm, the
e HTS i - ion i
fil penetration depth determines the reduction in the resonant
;r substrate &, ms frequency, while for thicker spacers, the resonant frequency

is reduced by the fringe effect. Hence, a fit of experimental
FIG. L Geome_try_of _the_variable spgcing parallel plate resonator. The didependence of (s) for s~0 to 100 um to Eq.(1) can be
electric spacer is liquid nitrogen or air. used to determing .
The unloaded) factor of the superconductive VSPPR,

The outline of the article is as follows. After introducing Qgc, is determined by ohmic losses in the superconducting
the principle of operation, the experimental setup will befilms, dielectric losses in the dielectric spacer, and radiation
described and experimental results for bulk Cu, and folosses:

YBa,Cu;0; and GdBaCu;0-, thin films will be presented. 1 1 1 1
The values of penetration depth obtained by VSPPR willbe _— - _— . — 4
compared with the results measured by the mutual induc- Qsc Qo Qu  Qrad
tance technique, and by the conventional PPR technique via * f
a BCS-like fit. The next part of the article is devoted to the = *—Eﬂ %:
error analysis. Finally, a definition for a surface impedance Tiof* (S+2Ner) f
standard based on the VSPPR technique will be proposetiere, R} is the effective surface resistafitgsee Eq(A6)]
The detailed description of the VSPPR electrodynamics caat fixed frequency*, tanéis the dielectric loss tangent, and
be found in the Appendix. A preliminary report on this re- 3=1/L is the radiation geometrical factor. The assumption
search has appeared elsewtére. that Rg< f2 for superconductors, i.eRqq=Rx(fsc/T*)?, is
used to derive Eq4). Note that Eq.4) also takes into ac-
count the resonator energy stored in both kinetic and geomet-
Il. PRINCIPLE OF OPERATION ric inductances of the superconducting plates. For the spacer
. o of thicknesss< (Ref/muof B)Y?~20um for Re~300u(),

The main idea of our tech_mque is to measure the resoQ is determined mainly by the ohmic losses, while for
nant frequencyf, and the quality factorQ, of the VSPPR  ynicrer spacers, the radiation losses are dominant. A fit of the
versus the cont.muously vanabltnT thlcknes§ of the d'elecmcexperimental dependenc¥(s) to Eq.(4) yields the absolute
spacer, and to fit them to theoretical forms in order to extrac 5| ;e of Refr-
the absolute values of andRs. In the case of the normal metal VSPPR, the resonant

The ggometry of the VSPPR is shoyvn in Fig. 1. Thefrequency,l‘NM, andQ factor, Qyy , are(in the local limip:
resonator is formed by two parallel metallic or superconduct-

+tand+ Bs. (4)

ing plates (bulk material or thin films on dielectric sub- ¢ fo 1 O 1 5
strate$ separated by a thin dielectric spacer, which forms an NM = 1to./s|  8l\s+tsé 1+as’
. ) . N, S k as
opened ended transmission line resonator. The spacer is sk °
filled by liquid nitrogen or air, which allows us to continu- 1 Osk T tans+ B ©
an S,

ously vary its thickness from contact to several hundred mi- Q_NIVI: S+ O
crons. For plates on the order of 1 cm in linear dimension, . . ] .
the resonant frequency of the lowest operatinggTMode is ~ Wherédg=V2p/wpu, is the skin depth ang is the dc resis-
in the range of 10-15 GHz. The full electrodynamic treat-tVity Of the normal metal. In Eqgs(5) and (6) dy is fre-
ment of the VSPPR is given in the Appendix and the mainduency dependent, i.ed= Ty T T Equation(6) takes
results are presented here. into account the resonator energy stored in geometric induc-
For the case of superconducting plates, the resonant fré@nce of the normal metal plates. The frequency @rfelctor
quency,fsc, depends on the plates linear dimenslgndi- for Cu atmroom temperature have 1r/721aX|mum valuess at
electric constant of the spacer=ege,, dielectric spacer ~(9sd2a)"*~30um and s~(5g/B)"~70um, respec-
thicknesss, effective penetration depth,.z=\ coth@\), of tively. Fitting of the experimental dependencies f¢s) and

the electromagnetic field into the superconducting films ofQ(S) to the implicit functions(5) and(6) gives us two inde-

finite thicknessd, and fringe effect: pendent estimates for the absolute skin depth in the normal
metal.
fo 1
fSC: y (1)
V1+2Nhei/S 1+as IIl. EXPERIMENTAL SETUP

The VSPPR experimental setypig. 2 consists of a
0= ; 2 cryogenic lineaZ stage to move the resonator plates, a films
2L\/€_r aligner to make them parallel and in-plane alignedirasitu

c
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— DG micrometer head cylindrical brass housing which is attached to the clamp.
controller| 8.5 nm resolution Each of the two VSPPR plates is squeezed between a pair of
PC % %? pins and can be finely rotated around the pin-to-pin axis with
GPIB % % flexure bearin enough friction to hold the plate in the designated position.

4 % 9 Because the rotation axes are perpendicular to each other, a
7 % full parallelism of the plates face surfaces can be achieved by
bringing them into contact, i.e., they are self-aligning. The
Z-stage — L\ stainless steel aligner also provides an in-plane alignment of the resonator
~ Ei >‘Ubes plates.
C-meter =
& ’/—Liquid Nitrogen
------- B. Capacitance measurement of the separation
LN,-bath— flexure bearing

. . To perform a precise and accuratesitu monitoring of
Variable Spacing

Parallel Plate Resonator the dielectric spacer thicknesse., separationbetween the
flexible clamps resonator plates, we directly measure a 10 kHz capacitance
Films sapphire between them by a precision LCR meter with compensation
A Au wires' ins ; ég _
aligner for stray lead capacitance.To connect each superconduct
top HIS < microwave ing film to the LCR meter, a 40@:m-wide and 200-nm-thick
antennas top i
Coupling _—" view gold st_np on a Cr buffer layer was evaporatt_ad through a
probes } | coax cables three-dimensional3D) shadow mask onto two sides and the
edge of the substrate. On the film side of the substrate, the
gold contact makes a small pad of are®.1 mnf at one
Microwave Network corner, where the microwave current is close to zero. The
/\ Analyzer HP8722D contact continues over the edge of the substrate and on to the

back side, where a strip7 mm long is deposited. The con-
FIG. 2. Schematic of the VSPPR experimental sefupt to scal¢ The  nection between the strips and the LCR meter leads is done
flexible clamp in front of the side view is not shown for clarity. via 50-um-thick gold wires. A typical VSPPR has a capaci-
tance in the range from 300 to 700 pF at the point of closest
) ] ) _ approach(depending on the dielectric constant and surface
capacitance micrometry to directly measure the Separat'oﬁlorphology of the sampleslown to 810 pF at a separation
and to monitor the parallelism of the plates during the ex, the order of 10Qum. To determine the spacer thickness,
periment, and microwave coupling probes to excite the resOs_ from the measured capacitan@,the following expres-

hator. sion, taking into account the fringe effeéshas been used:
A. Stage and films aligner }

: )

The Z stage is based on a home-made slider formed by
two coaxial thin-walled stainless-steel tubes with diaphragm-
type flexure bearings at the top and bottom ends of the slider.
The bearings are made from Be/Cu foil and work at both

room and cryogenic temperatures, while eliminating friction, hare | and w are the VSPPR linear dimensions,
and giving high stability. Also they provide a preload for the _ g g54¢ 10~ 12F/m ande, = 1.454 for a liquid nitrogen di-

inner tube translating by the actuator, attached to the t0p Qfjecric spacef? The resolution of the capacitance microm-
the slider(Fig. 2). The top of the stage is at room tempera- etry is estimated to be much better than the 8.5 nm minimal
ture, while the bottom can be immersed into a liquid nitrogen, -remental motion in our setup. Ti@value measured as a
bath. To reduce the effects of thermal contraction, the tUbeﬁJnction of the displacement at separations from zero up to

are made the same length and from the same material. Th&era| microns is also used to estimate the parallelism of the
stage provides about 2 mm of fine rectilinear travel and 9iVeS|ates, which is routinely better than 1 mrad.

a minimal incremental motion down to 8.5 nm, limited only
by the actuator. C. Microwave measurements

The actuator is a commercial motorized micrometer™
head® with a nonrotating ball-shaped tip. It consists of a dc ~ The microwave measurements are performed in the un-
motor with 8.5-nm-resolution rotary encoder driving a preci-dercoupled regime by an HP8722D vector network analyzer
sion micrometer screw via a high-ratio backlash-free geatNWA). The built-in —3 dB method is used to determine the
head. resonance frequency ar@ factor of the resonatdf The

The films aligner consists of two pairs of pins attached tocoupling probes are two antennas of 8—14 GHz bandwidth
two flexible clampg(Fig. 2). Each of them is made by elec- connected to the semirigid coaxial cables via a symmetrizing
trodischarge machining from a single piece of stainless steefransition®®*’ They effectively excite the VSPPR due to the
The clamps holding the top and the bottom films are consimilarity of the semicircular shape of the antenna loop and
nected to the inner and outer tubes of the slider, respectivelyhe fringe quasistatic electric field at the resonator edge. The
The pins are made from a sapphire stylus inserted into @robes provide a variable and contactless coupling to the

1 w
0.4415+ — ( In—+1.451
m\ S

C

Lw
C=¢€pe,y—+L
SC

+w

1 L
0.4415+ —( In—+ 1.451)
o S

C
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TABLE |. Fitting parameters and theoretical predictions for the Cu and HTS VSHHRs:fitting of the frequency vs dielectric spacer thickness deta;
fit—fitting of the Q factor vs dielectric spacer thickness data; Ml—mutual inductance measurements; BCS fit—as described in Sec. V; theory—as described
in Sec. Il.

S or N (nm) fo (GHz) L (cm) Rs(12) 1/8 (cm) So (um)

Sample T (K) ffit  Qfit Ml BCS fit  theory f fit theory  ffit  theory Q fit Qfit  theory f fit Q fit

Cu 300 790 770 nla nia 680 1292 1252 041 1197 -- 1.05 1197 -1.67 151

77 400 440 nla n/a 225 1080 1039 042  1.197 - 1.09 1197 -3.49 1.00
YBCO 77 257 nla 300 - 1255 1246 059  0.998 200 035 0.998 -0.38 0.46
GBCO 77 400 nla 390 344 - 1145 1167 1.06  1.065 190 33 1.065 255 3.33
resonator and allow us to study resonators wWitHactors In addition, it was found that the following relationship

down to 60—70 in the conventional way of measurement, anthetween the exact dielectric spacer thickness) Eqgs.(1)—
down to 5—7 by using a unique digital NWA-based proce-(6) and the capacitively measured separasgpsee Eq(7)]
dure developed for investigation of normal metal VSP#Rs. must be used:

The absence of a conductive enclosure in our setiguse a
liquid nitrogen box made of foam plastjavoids many sys-
tematic errors associated with the parasitic “packagevheresy is one more free parameter in the fitting procedure.
modes” found in conventional parallel plate resonatorThe nature of this offset will be discussed in Sec. VIB. The

s=5.+Sp, (8)

techniqueg®3 parameter values for the fits are summarized in Table | and
compared with the theoretical predictions.
D. Experimental procedure A. Normal metal (Cu) VSPPR

The experimental equipment is run by a personal com- 14 ensure proper operation of the VSPPR technique,
puter (PC) via GPIB interface, except for the micrometer orma| metal samples with a known value of the microwave
head which is operated by a PC-board C(_)ntrc?ﬁe'rhe €X- skin depth have been investigated. A pair of 0.7-mm-thick
perimental procedure consists of installation of the samplegyrc ¢y plates with an area of 9.88 by 11.97 frare used.
within the clamps, followed by making them parallel via Figures 3 and 4 show the resonant frequency @ridlc-
self-aligning, and testing the parallelism by measuring thgq for the Cu VSPPR as functions of the thickness of air and
capacitance versus displacement at room temperature. They,id nitrogen dielectric spacer measured by capacitance mi-
in the case of cryogenic measurements, the bottom part Qfomeiry at room and 77.35 K temperatures, respectively.
the apparatus is immersed inside a liquid nitrogen bath. Onc¢ne solid lines are the best fits to E@S) and (6). There is
th.e samples and the slider havg reached thermal equil_ibriugood agreement between the theory and experiment at small
with the bath, they are brought into contact and self-alignedigparations where the most important information about the
again. In order to make the plates as close and as parallel @in gepth value is revealed. Some discrepancy at relatively
possible, we vibrate the bottom part of the apparatus at gge separations is observed because the fringe effect theory
frequency of 2-3 Hz while the plates are in contact. Theseq to derive Eqs5) and (6) assumes that the resonator
VSPPR resonant frequency is observed to decrease, and igyes have zero thickness and therefore does not provide a
capacitance to increase. Then the top film is moved away UBood description in the case of thi¢ike., much greater than

to 100 um separation with steps of 10 nm toun (depend- & gnes serving as a flange for the fringe fields. The precision
ing on the separation rangend the resonance frequency and

Q factor of the VSPPR versus the displacement are

measured® The total time for a single separation measure- 126 7 ' ' ' ' i 70

ment is 2—3 s. When the whole run is completed, the films § 124l

are brought together again in order to check their parallelism. ¢5 160
The experimental setups for the conventional parallel E 12_2: 150

plate resonator and mutual inductance techniques are deg 1 o

scribed in Refs. 31, 35, and 46, respectively. a2 120 d40 =

o 1. S

IV. EXPERIMENTAL RESULTS = 118 1% 8
To extract the absolute valuesXfi andRg or 8, from § 1.6 Cu VSPPR, T=300 K 120

the experimental data, the latter have to be fit to the theoret- 3 [ Air dielectric spacer 1

ical forms(1), (4) for the superconducting VSPPR @), (6) o 114 ' 1°

for the metallic on€’ The free parameters abey or Jg, P S T T TP

fo, andL in the denominator of Eq(3) for the frequency 0 20 40 60 80 100

data, andR. or d¢ and B for the Q-factor data. Generally, Dielectric Spacer Thickness (um)

the tand value cannot be obtained from the fit becauseFIG.3. Cu VSPPR resonant frequency @dactor vs the dielectric spacer

. . . . - _5 .
tan5<<_1/Q for air and liquid nitrogen (taé=5x10"") di- thickness at room temperature. The solid lines are the best fits to(Egs.
electric spacers used here. and(6). Parameter values for the fit are given in Table I.
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T T L DL L | T T 390
106 r T 1 YBCO VSPPR, T=77 K | 1200
N [ 4180 124 F ™ LN2 dielectric spacer 4
5 [ 20 T J 1000
= 104} . } ]
> [ S 122} ]
S 160 5 ) {800
i 4 T c L 4
o 102} 150 & S 12.0 0
e [ 1 2 s | Je600 8
L 40 o o1
= ] ] L 11.8 g
« 100} ' ]
s | Cu VSPPR, T=77K 1%° S 1400
3 LN2 dielectric spacer J20 2 1.6 i
T gsf ] o J200
, .10 1.4}
4] 20 40 60 80 100 i P PO Y 1 PEPEE 1

Dielectric Spacer Thickness (um) 0 2 40 60 80 100
Dielectric Spacer Thickness (um)

FIG. 4. Cu VSPPR resonant frequency @dactor vs the dielectric spacer )
thickness at 77.35 K. The solid lines are the best fits to Ejsand (6). FIG. 5. YBgCu;0; VSPPR resonant frequency a@ufactor vs the dielec-
Parameter values for the fit are given in Table I. tric spacer thickness at 77.35 K. The solid lines are the best fits to(Eqgs.

and (4). Parameter values for the fit are given in Table I.

for determination of the resonant frequency &hthctor of a
S;r;/fJSVPSpSrg?r:tgeQd,fgifoercfl% altnszdﬂlitisc?r?a;?itf? gi,trt:g th%itrogen is the dielectric spacer. The values obtained are
digitally subtracted background in the NWA transmission)\ab:257i 25nm andRg=200 204 at 10 GHz. No fi-

characteristidsee Ref. 6%leads to a degradation of the data Egzst?écglr;gzsﬁﬁfgseg :02r'?hr;icg]sesa;yr;eti?;t?;:zéhfhﬁlg(:?;dg_
obtained at 77.35 KFig. 4). 9 p pth. p

At room temperature, the 10 GHz skin-depth values Ob_Iatlon of the 77 K\ value down to zero temperature via an

. " empirical two fluid model commonly accepted for HTS,
tained from the fitting procedures aﬁéK: 0.79+0.1um and o e aval _ S
53=0.77+0.1um from the frequency an@-factor data, .)‘(T)_MO)/ 1=(T/Tc)", giveshqp(0)=140nm, which is

N . . a good agreement with the literature data for high quality
respectively. The values are close and in good agreeme CO epitaxial films and crystaf?

with the theoretical prediction of 0.6@m based on a Cu
electrical resistivitypc,=1.7 uQ cm at 20 °C%?

The values for the skin depth obtained at liquid nitrogen
temperature are 5;((77 K)=0.40+0.1um and
S3(77K)=0.44x0.1um. The predicted 10 GHz skin depth , GdBa,Cu,0,_, epitaial films
is 0.225um based on a dc resistivity=0.2 u{lcm at 77 _X
K, which corresponds t®;=8.89 n1). However, at liquid The samples are a pair of nominally identicabxis-
nitrogen temperatures, the microwave skin depth in Cu beeriented GdBsCu;0,_, (GBCO) epitaxial films, grown by
comes comparable with the mean free path of conductingaser ablation or(100-cut LaAlO; single-crystal dielectric
electrons’? leading to a strong dependence of the surfacesubstrates by Neocera, Ift.The substrates are 0.6-mm-
impedance on surface morphology. Hence, the anomalousick and form a resonator with an area of 10.65 by 7.50
skin-effect approach has to be employed in E§sand(6), mn?. The GBCO layer has thickness 3605 nm, a critical

which is beyond the scope of this paper. temperature of 92.4 K, and a transition width of 0.3 K, as
measured by ac susceptibility.
B. Superconducting VSPPR At the time of the study of the GBCO samples, capaci-
o tance micrometry had not yet been introduced into our setup.
1. YBa;Cus 07— epitaxial films Hence, the dependencies of the resonance frequencyand

The samples are a pair of identicataxis-oriented factor for the GBCO films were obtained as functions of the
YBa,Cu;0;_ (YBCO) epitaxial films, grown by metalor- displacement measured by the micrometer head encoder.
ganic chemical vapor depositiotMOCVD) on (100-cut  Several improvements have been made to sufficiently reduce
MgO single-crystal dielectric substrates by STI, Ifftand  the thermal drift between the micrometer head reading and
cut from the same 2-in.-diam wafer. The substrates are 0.3he actual plate displacement compared to our earlier mea-
mm-thick and the resonator effective area is 9.98 by 9.0kurements on these film&.

mm?. The YBCO layer has a thickness of 7680 nm, a Fitting of the obtained resonance frequency gnfactor
critical temperature of 92.4 K, and a transition width of 0.25dependencies to the formd) and (4) gives the effective
K, as measured by ac susceptibility. values\ 4=630+=80 nm and 10 GHR=450=60u0.""

Figure 5 shows the experimental dependencies for th&he finite thickness correction gives for the intrinsic values
resonance frequency and tfefactor of the YBCO VSPPR \,,=400+40 nm andRy=190+20u(), which are typical
vs dielectric spacer thickness measured by capacitance nof the literature data for high quality REBaCuO epitaxial
crometry. The operating temperature is 77.35 K and liquidilms.*®
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V. COMPARISON WITH RESULTS OBTAINED BY orthorhombic phase transition occurring Bt-500 °C after
OTHER TECHNIQUES the film deposition process. To image the nonflatness of the

The intrinsicab-plane penetration depths for the YBCO S@mples under study, Newton’s rings were studied with a
and GBCO films were also measured by the mutual induc}/20 wavelength optical flat placed on the top of the fifm.
tance technique at 10 kHz. The values obtained for the twdVe observed a bump-like structure of the GBCO/LAO film
YBCO films are \;=297+5nm and\,=304+10nm at Surfaces with a lateral extent of 5-7 mm and a peak-to-
77.35 K. To make a comparison with the raw VSPPR meaYalley height of 5-Gum. For the Cu plates and YBCO/MgO
surements, an average of the two penetration depths has to B&1s. the nonflatness was measured to be less than 5 and 1
made, i.e.A = (\1+\,)/2=300= 15 nm, which agrees rea- MM across the sample, respectively. Note that the thermal

sonably well with the VSPPR result. The values obtained fo,contra_ction between room and _qryogenic temperatures _and
the two GBCO films aren,=377+11nm and\,=403 clamping forces may cause additional substrate deformation.

+12nm at 77.35 K(note that the errors do not include un- Another possible imperfection is tilt of the resonator plates,
certainty in the films thickne$sThe average of two effective Which may be due to contamination on the plate surfaces
(due to finite film thicknesd =300 nm) penetration depths is and/or torsional deformation of the pins. We find experimen-
N efi=[N\1 COth@X;)+\, coth@\,)]/2=603+30nm,  which tally that the tilt angle in our measurements is routinely less
agrees with the VSPPR result. Therefore, these results estaf@n 1 mrad. o . _
lish that the VSPPR measurement of absolute penetration ©Oneé more imperfection in the VSPPR shape is an in-
depth is valid. plane misalignment of the plates due to possible differences
The resonance frequency versus temperature for a coi? their linear dimensions, their irregular shape, and our in-
ventional PPR made from the GBCO films was measured a@Pility to make them perfectly aligned during installation
well.®® Two 12.5 and 25«m-thick Teflon™ films are used as into the clamps. An estimate of the misalignment value is
dielectric spacers. The fit of the frequency versus tempera=100 #m for each resonator dimension.
ture data tos-wave BCS theory gives ,,(0)=197 nm and The nonflatness and tilt affect the resonance frequency,
Nap(77 K)=344 nm. The latter is close to the VSPPR value.Q factor, and ac capacitance of the VSPPR. The in-plane
The observed difference may be due to an underestimation &fisalignment affects mostly the capacitance micrometry ac-
the absolutex from the temperature fit because of the dis-CUracy. Its effect on the resonant frequency is eliminated by
crepancy between the data and BCS theory, and uncertaintpindfo andL as free fitting parameters, while the ohniic
in the Teflon spacer thickness. It should be pointed out thaf@ctor is shape independent and radiati@siactor has a fit-
the dependencies for the change in the effective penetratidH'd Parametes as well.
depth measured @tqq,=12.5 and 25um agree with each Note that in the case of a square resonator,_ a degeneracy
other by assuming that=Seqort+ S*, With s* =5 xm. This between the T, and T, modes occurs. In this case, the

value of s* is on the order of the measured nonflatness oftPove imperfections in the resonator shape may provide a
these films. as discussed in Sec. VIA. coupling between these nominally orthogonal modes, which

leads to splitting of the resonant frequenci&§?

VI. DATA FITTING AND EXPERIMENTAL B. Modeling of the real VSPPR
COMPLICATIONS
To verify the applicability of Eqs(1)—(4) to extract\

_In Sec. IV, the fitting of experimental data to the theo- gngR_ from experimental data on nonideal VSPPRs, and to
retical forms(1)—(6) has been used to extract the absoluteestimate the possible errors, a computer modeling of the real
values of Net, Rer, and . However, in practice, the eyperimental situation dealing with a nonflat, tilted or in-
shapes of the resonator plates and the dielectric spacer gkgyne misaligned VSPPR has been done. First, an electro-
nonideal. Therefore, one has to evaluate the applicability o agnetic model of the distorted VSPPR is created using the
Egs. (1)—(6) for describing the real VSPPR and to estimategpnroach described below. Next the “experimental” depen-
the errors which these inevitable imperfections introduce intqyencies for resonant frequenc®, factor, and capacitance
our extraction ofefr, dsk, andRef- versus geometrical displacement between the resonator

In general, we have found that the accuracy depend§jates are generated and these dafa, parametric func-
mainly on the following three factors: imperfections in thetions) are fit to the forms(1) and (4) and the error in the
resonator shape, systematic error in capacitance micrometryytracted\ and R, is analyzed.
and the degree of agreement between the theory and experi- one can expect similar influences of nonflatness and tilt
ment during the fitting procedure. Let us discuss them inyy the resonator properties, if they have comparable lateral
more detail. and vertical geometrical scales. So, here we consider only
A. Imperfections in the VSPPR shape the tilt of the resonator plates in the planes parallel and per-

. . pendicular to the T, mode propagation direction.
Nonflatness of the resonator platédms) virtually al-

ways appears in practice. For instance, the average nod- Data generation model for tilted resonator

flatness of commercially available 1 émsingle-crystal di- Consider a superconducting VSPPR with in-plane
electric substrates for HTS thin films is about 0.5g&,  aligned plates having the surface impedadge Rs+iXsg,
except for LaAlQ (LAO) which exhibits~5-10 um, as a which are tilted by a small angléy,<1, and ignore the
result of going through the irreversible tetragonal-fringe effect. To create an analytical model, a perturbation
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technique has to be employed, because the exact solution f8r Tilt in the plane perpendicular to the mode
such an inclined geometry does not exist for imperfect conpropagation direction

ductors (except for a special caS¢. Within this approach The cylindrical coordinates are chosen so thatzlagis
the relationship between the complex resonant frequency Q§ parallel to the direction of the mode propagation. The
the superconductingperturbed resonator,ws:=w¢+iwg,  magnetic field in Eq(10) has only am component. Based on
and the resonant frequency of the perfectly conducting resghe |aw of magnetic flux conservation it i#,(r,z)
nator of the same shape,, is" =D sin(nzZIL)/ ¢y, WhereD is constant. For the same reso-
nator as above, it is found that an erroirf less than 10%
wl=w?| 1+i é — w2 (1_ X_s+- Es) 9) is obtained if this type of tilt is less than 1 mrad. This gives
se e r pe r r)y underestimation ofA and a negative offset valugs|
<1.7um.

wherel’ = uow,G is the resonator geometrical factor and

C. Accuracy of capacitance micromet
~ Jy[H[Pdv Y P i

G_—fS|H Zds’ (10) While the precision of the capacitance micrometry is
! well above the requirements of our experiment, a systematic

Here, H is the magnetic field calculategbxactly for the  €rror in the capacitance value may noticeably contribute to

perfectly conducting resonator, aht!. its tangential compo- the error in\. By performing the modeling of an untilted

nent on the resonator walls. The integrals are taken over théSPPR, as discussed at the beginning of Sec. VI B, we found

whole resonator voluméinclined dielectric spacgrv and  that our estimated in-plane misalignmen100 um for each

the walls(two plates S Hence, the dependence on tilt angle fesonator dimension gives an error in absolute the order

b, appears in Eq(10) via the quantities/, H, andH.,.. of 2%. The estimate for systematic error in the capacitance
An untilted VSPPR ha&=s/2, and the real part of Eq. Value due to imperfect compensation of the stray capacitance

(9) is just an expansion of the exact expressipnfor A/G  for the LCR meter leads and/or uncertainty in the dielectric

<1. So, in order to recover the exact values for the resonariiPacer permittivity(in the case of liquid nitroggnis <2 pF,

frequency and ohmi€ factor as¢,— 0, let us rearrange Eq. Which gives an error i Ie_ss than 6%.
(9) as follows: To conclude this section, the three most common forms

of VSPPR nonideality and systematic error in capacitance
micrometry give rise to errors in absoluteon the order of

’ Wpc . .
Wi m———, (11 10% or less for our experimental conditions.
* J1+\IG
Y D. Microwave coupling
e . (12) bserved th ling b h
Q ol powldGHN)’ We observed that strong coupling between the antennas

and VSPPR may lead to some disagreement between the
experimental data and the theory during the fitting procedure.
Strong coupling distorts the resonator eigenfrequency and

is the nonuniform dielectric spacer thickness, the integral id-0réntzian shape of the resonance curve due to the interac-

taken over the resonator ardaand the capacitive dielectric tion between electromagnetic oscillations in the resonator
spacers, is given by Eq.(7). In order to fit the generated and standing waves in the coax cables. This interaction is
c (7).

data to the formg1) and (4), a linear relationship between stronger when the VSPPR and the standing wave resonances
ands, has been used as in E®) have comparable bandwidths. Another possible parasitic ef-
c .

fect is the increase of the coupling as the plates separation
increases. To eliminate the influence of these effects on the
2. Tilt in the plane parallel to the mode propagation accuracy of the experiment, the coupling has to be mini-
direction mized such that the insertion loss of the VSPPR is at least
35-40 dB.

The capacitance to be “measured” by capacitance mi
crometry is approximated &= [ a(€g€, /Sp)da, wheres,,

Let us put the cylindrical coordinates so that #exis is
perpendicular to the direction of the mode propagatign, . , -
and parallel to the resonator plates. The magnetic field of- PiScussion of the secondary fitting parameters
the perfectly conducting resonator in E(LO) has only Let us discuss the secondary fitting parameters from
a z componentt’ H,(r)=B;H{P(kr)+B,H{®(kr), where Table I, such as the frequency of the perfectly conducting
H{P(kr) andH{P(kr) are the Hankel functions of a first and VSPPR with no fringe effect, fringe effect factord. and
second kind, respectivel is the wave number in the di- B, and offset in the dielectric spacer thicknegs
electric, andB; and B, are constants. The procedure de- The discrepancy between the theoretical predictions and
scribed in Sec. VIB 1 has been performed for a VSPPR ofitting values obtained fof, may be due to the following
area 1 criand penetration depth of 250 nm. It is found thatfactors: in-plane misalignment of the resonator plates; dis-
in order to obtain an error iN of less than 10%, the tilt angle agreement between the experimental data and theory at large
has to be less than 0.7 mrad. This tilt gives an overestimatioseparations for the Cu VSPRBee Sec. I}, the edges of the
of X and a negative offset valygyg|<1.2um. Cu plates are not perfectly square-shagexlike the HTS
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films on single-crystal substrajesvhich causes the effective Nielsen for advice about the contacts, and J. Halbritter and
resonator length to be slightly shorter than the geometricaN. Bontemps for critical comments on the article.

one; error in the value for microwave dielectric permittivity

of liquid nitrogen.

The f|tt|ng parametgrls and 1B are usually smaller t.han APPENDIX: ELECTRODYNAMICS OF THE VSPPR
the predicted ones, which corresponds to an underestimate o

the fringe effect geometrical factors from the thedsge Let us briefly outline the derivation of Eqg1)—(6)

Appendiy used to derive Eqg1)—(6). based on the results of several works®5"68798gn the
Thes, values obtained from the frequency fits are on theglectrodynamics of the superconducting and metallic parallel

order of —1 um (except for the GBCO VSPPR, where the pjate transmission lines and resonators. Because the final re-

capacitance micrometry was not employedhich agrees sults for the resonant frequency a@factor are used for

with the results of simulation for the tilted VSPPR diSCUSSGdextraction of numerical values from the experimenta| data,

above in Sec. VIB. only terms with accuracy up to 18 for the resonant fre-

quency and 10? for the Q factor will be kept.

VIl. R¢ STANDARD 1. Propagation and attenuation constants in a parallel

. . . . _plate transmission line
Establishment of a surface resistance standard is an m?—

portant issue for HTS film applications in wireless commu-  The transmission line geometry is shown in Fig. 1. Two
nications. Currently, there are two techniqtiésiamely, a  superconductive or metallic plates of thicknesand width
(conventional parallel plate resonator and a dielectric w are separated by a dielectric spacer of thicknegs
resonator? as contestants in the race to become a standargw) with complex permittivitye = eye,(1—i tans) and per-
for characterization of HTS films for microwave applica- meability u=uo. In the case ofks|<1 (k=w+/ue is the
tions. We believe that the VSPPR technique can fill this rolecomplex wave number of the dielectrionly the slow-wave
as well. The definition can be done in terms of a frequencyundamental TM mode exists between the plates. Let all
and a length: an effective surface resistance of 400at 10  fields vary as eXp(wt—h2)], whereh=h;—ih, is the com-
GHz is a FWHM=2.533 MHz of the resonance curve for the plex longitudinal wave number. Solution of Maxwell's equa-
ohmic Q factor produced by the VSPPR with an effective tions in the space between the plates together with the Leon-
separation between the platess=s+2\=10um. Note tovich impedance boundary conditfBrapplied at the plates
that the VSPPR’s ohmi® factor (and so the FWHM aboye surface
is independent of the sample geometry and mode number. E E
2l = —(—Z) (A1)
Hy/ . _
y=-—s

Zeti= Regit 1 X = (H_
X

VIIl. FUTURE WORK y=0

. . fyields the dispersion relation for the TM motfe’®
For the future, we are planning to develop a version o

the VSPPR for operation at liquid helium temperature. The ) gs

use of flexure bearings and direct capacitance micrometry ~@€Ze= —ig tan--, (A2)

eliminates the influence of the cryogenic environment on the

performance of the system, and allows the existing micropowhere Z is the effective surface impedance of the plate,

sitioning setup to be adapted for 4.2 K operation. An activeand g= vk“—h“ is the transverse wave number. Because

film aligner could decrease the tilt and enhance the accuradyerl<|vVuo/€| and|ks|<1, the expansion of E4A2) yields

of the technique. To improve the performance of the fitting 07

procedure, a 3D electromagnetic simulation of the real h2=k2( 1 St

VSPPR(including substratgsfollowed by the development Mo@S

of analytical calcqlations for the resonant frequer@yfac-  Note that the accuracy of EqA3) is on the order of

tor, and ac capacitance has to be done. |Zet/ 100/ €)2<107* for any actual experimental situation.
Separation of the real and imaginary parts in E3)
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wherek,= w+/egug is the vacuum wave number. Note that ks At

the term in figure parenthesis in E@4) is correction to the O=—|1-057724n /. (A14)
propagation constant due to finite ohmic and dielectric ) ) o )
losses. These expressions are valid for the situation where the di-

electric is the same inside and outside of the line and for
infinitely wide plates.
2. Superconducting transmission line

The effective surface impedance of a finite thickness su5. Superconducting and metallic VSPPRs

perconducting platefilm) of intrinsic impedanceZs=Rs The complex resonance condition for a resonator of

+iXg on a dielectric substrate of impedangg,, within the lengthL is®2
approachR <X, and ds\X¢/Zgp is*
X2 L exp—ihL)=R. (A15)
Refi=Rs COth/RH hz(d/)\) 7o SN fSubstltutlon_of IEq_s(el_Z)—(A14) and thde complex an?ula:
(A6) requencyw = +iw .|nto Eq.(A15) and separation of rea
and imaginary parts yields
Xeff: XS COU’( d/)\) = /Lo(v)\eff . (A?)

hi(o')L+0(w')=m, (A16)
A high quality superconducting film of thickness B

>\ X</ Zgypat temperature$ <0.95T, and frequencies:50 2hy(@")L+sw'Vueege,=mQ 1, (A17)

GHz exhibits Reff/Xeir<1(Ref/Xer=2Rs/Xs for d<\), and  yhere the resonant frequency is defineds&@m, and theQ

typically tand<10"3, so within the accuracy stated above factor isw'/2".

Egs.(A4) and(A5) yield For a superconducting VSPPR, substitution of E48),
(A9) into (A16), (A17) gives us Eqs(1)—(3) for the resonant
hy=koer

(A8)  frequency,fsc. Equation(4) is obtained for theQ factor,
kover 2)\eﬁ( 2Rest contribution is on the order a/L<10"2. A similar proce-

Qsc, ignoring the energy stored in the fringe fields. This
+tans|. (A9)  dure applied to the normal metal VSPPR by means of Egs.
(A10) and(A11) for the longitudinal wave numbeh, yields
The loss correction i, is omitted, which is valid for ex- Egs.(5) and(6).
perimentally observed quality factors greater than 100. It is important to discuss the applicability of Eq¢%)—(6)
for the description of the actual VSPPR of finite width
>s. The effects of the finite width on the propagation con-
3. Normal metal transmission line stant(A4) and the ohmicaQ factor, can be estimated using

For the thick (1> 3y) metallic plate, Zes=uowdg( 1 Wheele.r's principlél a; )\!Zﬁsk]/W$1074 and s/'w=<10"2,
+1)/2 in the local limit, where is the skin depth. Because espectively. This is within the accuracy stated above. For
the minimum measurabl® factor is =5 [i.e., d(s+dy)  the fringe effect terms |_n_Eq$_1)—(6), it can be shown that
=5] in our experiment and taf<10"2, an expansion can N the case ofv>s, the finite width of the line affectén the

h2:

(S + Nef)

be employed in Eq(A4), which gives first approachpnly the numerical values, but noé[ltgse linear
, form of |R| and® dependencieéA13), (A14) on s’ The
1 Os power radiated from the side edges of the VSPPR depends
hy=ko Ve, 1+ =1+ 2 (A10) T .
8\ s+ Ss¢ linearly ons as well. Hence, such effects can be absorbed in
the fitting procedure by the free parametérsand B (see
h _koler sk +tans (Al1) rablel).
272 S | s+ 6y '
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