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We present the development, realization and setup of dielectric remators, for the purpose of measuring the surface impedance
at microwave frequencies of superconducting thin films. We focusroresonators designed to operate in dc magnetic fields, optimized
for the measurements of the variation of the surface impedance ith the applied field. Two resonators, operating at 8 and 48
GHz, are presented. We discuss different approaches to the maarement of the resonator parameters, with particular attentin
to the nonidealities of real setups in a cryogenic environment. Finallywe present some sample measurement of high-and low-T¢
superconducting films.
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1. INTRODUCTION quality factorQ and resonant frequenay of the resonator

NCE the early times{], the characterization at microwavd 17, 18, 19, 20] one can deriv&Zs. The materials and the ge-
S frequencies of superconducting materials has beerPrBetry chosen for the practical realization of the resanao
topic of diffuse interest, due to its fundamental as welbait Well as the methods adopted for the determinatioQ@nd
nological importanced, 3]. Aim of this paper is to contribute Vo: affect the sensitivity, the accuracy and the precisiomef t
to this topic, by presenting two dielectric resonators appg Measurements as.
at low temperature and in high magnetic field. For what concerns the geometry of the resonator, we con-

The physical quantity which is experimentally accessisleGentrate on dielectric-loaded cylindrical resonatorseleon
the surface impedanég = Rs+iXs = E; /hj [4]. In the local a/ cylln_drlcal dielectric rod, with com_plex permittivity, =
limit, one hasZs = Z ik = (i2nvuo/5)1/2 wherep is the g,(1+ itanode), scree_neq by a metallic _enclosure of surfa}ce

' X ' impedanceZ,. Excitation and detection of the signal is

complex resistivity and is the measuring frequency. Whe%btained by loops or antennas, which introduce additional

the thicknesss of .the sample.under study is smal!er than tngsses. Thus, the assembly exhibits a loaded quality factor
London penetration depth (in the superconducting state) r7é 0. With the typical fransmission configuration, one has

the skln depth (m the. normal state), one has the import L QL(1+ B1+ Bo), whereBr » < 1 are the coupling coeffi
approximate relation]: . . o .
cients. In practice, depending on the setup it may prove use-
ful to reduce coupling to a minimum, in order to approximate
(1) QL ~Q, orto separately calculate or measfiie.
Q andvg are related t&s by the equationsi[9):
Thus, in sufficiently thin samples one has direct accessgo th

Zs~ Zs,film =

el

complex resistivity, a material parameter of paramountirmp 1_R Rm ntans, @)
tance in the characterization of superconductors. Q Gs Gnm
Many experimental techniques have been developed for the Avg  DXs DXy Ag]
. —L2—=—+—=—+N— (3
study of superconductor§]| In general, resonant techniques Vo Gs Gm gl

are more accurate than nonresonant methadg, p, 10, 11,

12, 13]. While the ultimate sensitivity is obtained with supemhereAA = A(x) — A(Xref) is the variation of the quantiti
conducting cavities14], this method is definitely not feasi-with respect to some reference valige ) when a physical
ble when the sample has to be characterized under a dc npegametex is varied (e.g., the temperatufeor the external
netic field. In this case, metallic cavitiegq] or dielectric dc magnetic fieldH). The geometrical factors are related to
resonators in low-indiceslp, 17, 18, 19] as well as in whis- the various surfaces of the resonat® ) [4] or to the ratio
pering gallery modes2Q, 21, 22, 23] can be used. Dielec-of the energy stored in the dielectric and in the empty space
tric resonators exhibit increased sensitivity, and mona-coof the resonatorrf, with n ~ 1). One should note that no ab-
pact dimensions. Their advantage resides in the capabflitysolute measurement &§ is possible, unless a reference value
measuring unpatterned thin films, using the so called sarrfég either assumed or separately measured or derived.
perturbation method?@, 25]: the sample substitutes part of a The measurement o¥g in a cryogenic environment
metallic wall, thus contributing to dissipation (resistepand presents some typical difficulties. In particular, the cent
energy storage (reactance) in the resonator. By meastnengdution of the transmission lines cannot be easily calilokate
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is almost impossible to replicate the thermal profile aldrg t Calibration of the resonator— The contribution of the
line in different measurement runs. Moreover, the low lesseetal and dielectric parts of the resonator to the ov€yahd
of superconductors make the choice of the dielectric alitic Avg can be subtracted with the following procedure.
We discuss in Se2the main factors affecting the quality of First, at the temperatures of interesQomg and
the measurements, and in Skthe results of the practically Avg omg/Voomg are measured, with the sample substituted
obtained resonators, before concluding in 8ec. by a metal piece of the same material than the body of the
cavity (sameZy,). This configuration is called “homogeneous

2 METHODS configuration”. One then gets, fror@)(and Q):

In this Section we exploit the various quality indicatorgtod 1 1
measurements, for a proper choice of the materials of the res Qomg =Rm ( Gm> + ntand, (6)
onators.

Sensitivity, accuracy— We focus on the measurement of _zm = MXm ( 1 + 1) "I% 7)
Rs. However, most of the arguments apply alsd¥q: Equa- V0.0mg Gs  Gm

tions @) and @) show that the same geometrical factors
involved, in a very similar way. From2} and @) one finds
the sensitivity and accuracy f&:

a{ﬁith a very low loss dielectricy tand, can be neglected in
(2) and @) andR, can be derived, as a function®f from (6)
(otherwise, independent measurements obtaare required

Q 1, [20, 26, 27]). However, in general il\Xs the contribution of
IRs = _GSQ (4) the dielectric cannot be neglected, sigcehanges apprecia-
2 2 bly with T. This drawback can be circumvented by assuming
ORs <1 L GsRm  Gs ntan58> Q AXm = ARy (Hagen-Rubens limit, usually fulfilled in Cu at
Rs RsGm Q microwave frequencies) irvy.
5G GRn, 2 1562 When the subject of interest are thariations with the
4= +( S ) < ‘ m ) static magnetic fieldH at fixed T, Zg(H,T) — Zs5(0,T), no
Gs RsGm Rm calibration is needed and the accuracy improves noticeably
From @) and @) one gets:
o (Cenang ) (]27] 432% %) |5 penepenes
R, 11anc n tand. ) .
Rs(H,T)—Rs(0,T) =G - 8
Thus, to maximize the sensitivity one needs higrand small s(H.T)~R(0.T) s <Q(H,T) Q(H7O)> ®
Gs. By an electromagnetic analysis, one finds that the sample Vo(H, T) — vo(H,0)
must be placed where microwave currents are at their maxi- Xs(H,T) = X(0.T) = —2Gs Vo(H,0) ®)
mum.

Taking into account that the uncertainty on the loss tangenMeasurement of the response of the resonater A
is usually large|@ tand, / tandg| = 10% [20]), (5) requires the transmission-operated resonator can be characterizegay m
use of very low loss dielectrics, together with I&% metals suring the scattering coefficiei®1(v), which in the ideal

for the resonator. case read<2B, 29

One should note that the uncertainty in the geometrical fac-
torsGsm andn do not add to the random error. Instead, they S(v) = SZl(VOV) . (10)
contribute to a systematic error. We will see that in field- 1+2iQL, °

dependent measurement such uncertainty plays a very minor
role. By contrast, an accurate determinatiorois manda- whereSy1(vo) =2+/B182/(1+ B1+ B2) (we neglect the effect
tory, since it is the main source of uncertainty in the deternof the coupling on the resonant frequency). Equati®) ¢an
nation ofR. be written in canonical form &&1(v) = (ait +ap)/(ast + 1),
Repeatibility, precisior— Operation in a cryogenic envi-witht = (v — vp)/vo.
ronment requires that the assembly must compensate the theS,1(v)|? describes a lorentzian curve as a function of
mal stresses and thermal compression and expansion. Thus,S; describes a circle in the complex plagRe(S;1),
appropriate springs, elastic from below 4 K up to room tertm($1)}. FromS1(v), Q andvg can be obtained by means
perature, must be used. Since operation in a magnetic fielddf several methods2B, 29). The measured transmission
to 10 T) is required, Beryllium or phosphor bronze are typtoefficient S;1m(v) includes all nonidealities of the trans-
cal materials. The frequency stability of the excitatiomiis mission lines (cables, waveguides introduce phase deldy an
other critical point. Appropriate thermalization of theusce losses), of the couplers (losses, cross-talk), and naisias
(over several hours) can bring the frequency stability ® t81m(v) # S1(v). Moreover, in cryogenic measurements
expected values (1§ ppm in a typical research-grade Vectothere is no way to calibrate precisely such effects. How-
Network Analyzer - VNA). This point is crucial for accuratesver, typical (good) transmission lines contribute maimith
measurements @dXs (equation 8)). a complex transmission coefficiemtv), so that one can write
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Fig. 1: ketch of a tvoical dielectri tor. Counling | Fi;. 2: Inset: frequency response of the 48 GHz dielectric res-
9. - (a) sketc oratlypical dielectric resonator. £-0upling l00ps &l operating in transmission. The experimental curve (gray
depicted, as realized in the 8 GHz resonator. The circular geom

tr% L : ! . i
; : - iné) is fitted to a lorentzian curve (black line), with parameters:
of the current density on the sample is shown; (b) drawing of the - .
GHz resonator. y P () 9 o = (47.572041+ 0.00000]) GHz,Q_ = 11860+ 20. Main panel:

QL(T) andvp(T) for a YBaCuzO7_x film, showing the supercon-

S1m(V) = a(v)Su(v). This feature will prove useful in theducting transition.

fitting of the experimental data. g/ refers to the plane perpendicular to the anisotropy axis, of
Since fitting is required in order to get the values@and j,terest here). At low temperature, @nstrongly depends on

fit in terms of the standard uncertainty, i.e. the square rgpty.

of the diagonal elements of the covariance matrix of the fit|, the following Section we describe the realization, the

parameters30]. _ setup and operation of two resonators, operating at 48 GHz
Design of the resonators- The Hakki-Coleman geom-anqg 8 GHz, respectively. Since both have typical valQes
etry [31] (Figure 1(a)) is used for the resonators here dqq¢ when the sample is superconducting, the uncertainty in
scribed. The dielectric rod is sandwiched between two CqRg determination of is ~ 0.5— 1%. We also calculated in
ducting bases. The resonator operates in thgilfiode, with poth casess ~ 108, whence the sensitivityl] 6Rs ~ 0.5 —
circular, planar currents induced on the conducting baes. 1 mQ. We note that belov® ~ 10° the sensitivity decreases
nar currents are essential when investigating cupratersup@ticeably, and reliable measurements are confin@&J'# <
conductors: their extreme anisotropy would introduce vesy, (three orders of magnitude dynamics). This is sufficient
significant uncertainties if some perpendicular currentewgq gescribe most of the superconducting transition in films.
present. This geometry is here chosen to measure single SBAXlogous sensitivity~ 1 mQ is obtained in the reactance,
ples for research purposes. This choice requires that on\@f As a consequence, one needs frequency resolgion
the bases remain of normal conductor, so Bat~ Gs (the 100 Hz, within the capabilities of a typical VNA.
lateral walls contribute negligibly to the lossks)One has
typically Q ~ 10, with sensitivity 05— 1 mQ.
The request for reduction of the losses suggests the use of 3. ResuLTs
oxygen free high conductivity (OFHC) Cu for the metal ent8 GHz resonator— The high operating frequency (to our
closure, with B3] at 10 GHz:Ry < 15 mQ for T <80 Kand knowledge, this is the dielectric resonator operating at th
Rn<15mQforT <20K. highest frequency for the characterization of supercotmisg
The request for very small ta requires the use of sin-directly brings reduced dimensions. Thus, we could choose
gle crystals (differently from, e.g., telecommunicatiaelelc- sapphire as a dielectric. The sapphire rod has dimensions:
tric resonator filters34]). Strong confinement of the elech=(2.918+0.002) mm (height) Dgie = (1.7484-0.004) mm
tromagnetic field, which implies a reduction of the losses @giameter). The metal enclosure has a diamBtgr= 9 mm.
the lateral wall and a more compact design, requires lgrgeThe use of sapphire allows operation up to ambient tempera-
Thus, the choice of the dielectric is limited to sapphire@y, ture. The cryostat operates down to 50 K.
with & ~ 9 and tard; < 107 for T<80 K, and rutile, TiQ,  This resonator is a modification of a reflection-mode res-
with & ~ 120 and ta, < 10° for T<20 K [35]. Thus, care onator [L9]. An important consequence of the transmission
must be taken in the use of rutile at temperatures above 2Ghieasurement resides in that very small coupling coefficient
Both materials are uniaxially anisotropic (the value gi¥@n can be usedB;» < 0.5%. This allows, contrary to reflec-
1This geometry is used also to measure pairs of similar films place tion measurements, to assuqe- Q. and theret 's no need
both bases. One then h@g, — 0, and the accuracy reaches valdeg0uQ fb measure the absolute Value@fl' A synthe5|zed source

at 18 GHz B2]. However, only the average response of the two samplesa§'d crysta_l detectors were used, and typical resonanceury
measured, that can be unacceptable in several cases. were obtained from measurements|8f;| as reported in the
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inset of Figure2.

From measurements §f andvg as a function of the tem- [
perature, one obtains several useful information. In fiet, 75
microwave technigue is powerful in the identification of spu
rious or additional superconducting phases: since thérelec o
magnetic field penetrates in the full body of the superconduc © L
tor (in thin films), additional superconducting phases wloul % 50
appear as more or less rounded “steplike” transitions, as op 5 -
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completely mask the behaviour below that temperature. = o251 ..“' ad
Q

A first example is reported in Figurz we show the mi-
crowave response of a thin YBauzO7_x, high-T. supercon-
ducting film, grown on a SrTi@substrate. From the tem-
perature dependence Qfand vy we identified the transition ‘ ‘
temperaturdl = 90.5 K. The inspection of(T) andvy(T) 0.4 0.6 0.8
clearly shows a regular superconducting transition, with n pLOH(T)
traces of multiphase superconductivity. The second exam-
ple concerns a 3BaCaCyOg,y thin film, grown on Ce@ Fig. 3: (a)Qandvg vs. T for a thin ¢s =240 nm) ThBa,CaCuypOg, x
buffered sapphire. Fror®(T) andvo(T) we identified the film, measured at 48 GHz. (b) Magnetic-field-induced variation of
transition temperatur& = 1036 K. Figure3(a) clearly shows Re(f)) at fixedT. The gnlargement (c) allows to appreciate the sen-
that our sample is single-phase. This sample presentsrgstfiiivity and the dynamic range.

dissipation in a magnetic field, that can be used to exemplifyy /A (Anritsu) allowed measurements & m. As a
the dynamic range of thg present resonator. We mgde US@d?fsequence, we could deri@ and vo both by means of
the fact that the penetration depth inB&CaCyOg,x iS €S- |grentzian fits 0fSy; m|, analogously to the 48 GHz resonator,
timated to be~250 nm. We then exploited) and @) to de- 4nq py fits 0fSy m in the complex plane28, 29]. Figure 4
rive the magnetic-field-induced increase of the real paitef spoys an example of lorentzian fit, an example of ideal and
complex resistivity. The increase of the dissipation is tuegnideal resonance curves in the complex plane, and an ex-
the motion of quantized vortices (“fluxons3§. The study ample of experimental complex-plane circles, as raw dada an
of such structures is obviously of essential importancetfer 4ier the data conditioning proposed in the following.
applications, and due to the peculiar physics of RIghsu-  \ye note that the complex-plane fit is particularly suitable
perconductors has given rise to a branch of the study of §it.ompensate and reduce the contribution of nonidealities
perconductors by itself (“Vortex matter3f]). In Figure3(b) g, . cross-talk and noise are easily removed by this kind of
and3(c), it can be seen that the microwave technique here f&z» analysis. In particular, cross-talk only shifts thatee
ported allows for the determination of changes in resistiviyt e circle, leaving the estimate of the resonance parame-
with resolution better than.02 uQcm, with a dynamic range (gr¢ ynaffected once this effect is taken into account. By co
over three decades. trast, the lorentzian curve may acquire a substantial agmm
8 GHz resonator— This resonator has been explicitly detry when cross-talk is present, up to the level that the fit is
signed to work at relatively low frequency in conventional s completely unreliable. However, the complex transmission
perconductors. In fact, in a magnetic field a superconduct@efficient of the linen can severely affeckm. In particu-
exhibits a characteristic frequency for the motion of fluxoniar, the phase delay can change the shai®of in the com-
which is below 1 GHz in conventional superconduct@g|[ plex plane. Since the phase delay depends on the temperature
Thus, to have extensive information on the motion of fluxoasid on temperature gradients, reliable measurementstare of
one needs to operate at frequencies not too high. obtained only after a long, time-consuming adjustment ef th
As a consequence of the requirement of relatively low ofermal conditions. Clearly, a removal of the effects ofggha
erating frequency, high-permittivity rutile has been aofor  delay is desirable.
the dielectric rod. Since we are dealing with conventionallt has been propose@9, 40] to exploit simultaneous mea-
superconductors, the operating temperature is well belwstirements of the three complex scattering coefficiSpig,,
K, so that dielectric losses are not significant. The dimefm andS1m. This method requires appreciable coupling
sions of the rod are: height= (2.7340.01) mm, diameter coefficients, and as such it can be useful with relativelgdar
Dgiel = (3.90+0.05) mm. The dielectric is enclosed by a Cy1 »>. Uncertainties <0.1% fo@ > 10P are possible41].
OFHC screen. Measurements down to 3 K and up to 10 T ar&eeking for a more general approach, we have developed
feasible. For what concerns the field-sweeps measuremeants, we describe in the following a procedure to remove the
we found that temperature stabilization within 1 mK was r@ghase contributiom situ, irrespective of the coupling, when
quired, in order to avoid drifts of the resonant frequency. within reasonable limits. The attenuation given by the gran
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Fig. 5: (@)Qandvg vs. T for a thin ¢s =30 nm) Nb film, measured

at 8 GHz. (b) Magnetic-field-induced variation of [®e at fixed

T. The enlargement (c) allows to appreciate the sensitivity and the
dynamic range.

v. This is accomplished by evaluating the linear regression
coefficient by progressively removing more data arougd
until it stops changing. This procedure is adopted sepgrate
0.02 on both sides of, with the constraint that the slofes the
same. Once the spurious contribution is obtained, it can be
Fig. 4: (a) |Syim|? measured with the 8 GHz resonator, angubtracted fron&;m. This procedure can be applied in real
lorentzian fit, with parameters; = (8.2146855+0.0000003 GHz, time, with obvious time saving in the measurements.
QL = 9360+ 20; (b) resonance circles in the complex plegem In Figure 4(c) we report a typical experimental measure-
calculated in the ideal case (continuous line), and with a phase gfent ofS1m, taken at 4.70 K in the range 8.49-8.51 GHz

lay (dashed line); parameters of the simulatin:= 9000,vo = 8.2 yjth the resonator loaded with a superconducting Nb film
GHz; (c) measurements &; m with the 8 GHz resonator (Crossesi s  The raw data (crosses) clearly describe a misshaped,

raw data; open circles: data with compensation of the phase delay); . h . « " . A
and fit with the theoretical expression (continuous line), with param- T“met“c circle, Wlth spurious “nodes I.n th_e origin, e
etersQy — 9370+ 20, vo — (8.2146705¢ 0.0000002 GHz. inating from the uncalibrated phase contribution. By apply
ing the procedure described above the circle rotates and the
mission lines,|a| (we neglect the frequency dependencg?des” in the origin are removed, giving a well-shapedieirc
high Q. values imply narrow frequency ranges), affects Ong()pen_ symbols). The fit (continuous line) is of good _quah_ty.
Sp1(vo) (10), hence only the determination pf . While || Most important, the procedure allows for the direct identifi
has no effe’ct on the determination ©f , the bhase aray) cation and removal of the phase contributions to measuring

cannot be neglected and it may have a dramatic effect. ¥ErS- We conclude that the complex plane fit can be rou-

an example, in Figurd(b) we have reported as a Continut_mely performed, with a direct subtraction from the data of

ous line the ideal circle, calculated withg), with parameters e ph.ase contribution of uncalibrated lines.

S1(vo) = 0.02, Vo = 8.2 GHz andQ_ = 9000 and negligible In Figure5 we report examples of measurements taken on
coupling; to the same circle we added a phase contribut@®ihin ¢s = 30 nm) Nb film, similarly to the measurements
exp(iyv) (contribution of a transmission line), and the resuigPorted at 48 GHz in pBa;CaCyOg,x. We obtain here

is plotted as a dashed line. We concentrate here on the imger= 7-40 K. This resonator exhibits (Figubb) a similar sen-
tant role of the phase delay: as it can be seen, it complet@i¥ity to the 48 GHz resonator, showing that at low temper-
distorts the response. The ideal circle undergoes to str@gfes rutile can be used safely instead of sapphire.
changes: it is rotated in the complex plane, and close to the

origin it describes several characteristic “nodes”. A lfit

would be very unreliable, as well as the addition of seveaal p 4. CONCLUSIONS

rameters to take into account the nonidealities. We opted g this work we have briefly reviewed the application of the
a direct removal of the phase contribution from the raw daife|ectric resonator technique to the measurements ofithe s
as we show in the following. face impedance in low loss, superconducting planar mégeria

Let S1m be the measured scattering coefficient for \We have presented the design and realization of two digéectr
resonator as in Figurd(a), with uncalibrated transmissiorresonators, different for the frequency range and the diele
lines. Far from the resonance, we experimentally verifiet properties. We have introduced the circle fit method] an
argS1m) O v, according to the theory of transmission linewe have shown that it allows to remove the important phase
[4]. Thus, we reconstruct afg) = a+ bv by measuring delay contribution to transmission measurements. Finaky
arg(S1m) far enough fromyp. We note that avo, argS1m) have demonstrated the operation of the resonators by presen
has a step. However, the removal of the transmission ling sample measurements in highand conventional super-
phase must include only data where the phase is linear witinductors.

-0.02 L
-0.02  -0.01

0.01 0.02 -0.02

0 0
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