REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 71, NUMBER 5 MAY 2000

Very high resolution measurement of the penetration depth of
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We describe a novel single-coil mutual inductance technique for measuring the magnetic
penetration deptiA of superconductors at 2—4 MHz as a function of temperature in the 4-100 K
range. We combine a single-coil configuration with a high-stability marginal oscillator; this enables
us to measure the absolute valuenain both bulk samples and thin films with very high resolution
(6A=10 pm and a precision of 30 nm. As example of application, we report measurements on
NbTi bulk samples and Nb films. This contactless technique is suited for probing the
superconducting properties of samples over large surface0@ American Institute of Physics.
[S0034-6748)0)02505-3

I. INTRODUCTION mechanisn. More systematic studies and more sensitive
techniques are therefore needed to elucidate the nature of the
The low-energy excitation spectrum of a superconductoguperconducting state of complex materials.
determines all thermodynamic and electrodynamic properties Here we consider those experimental methods enabling
of the superconducting state. The precise knowledge of thithe determination of the low-energy excitation spectrum of
spectrum is required to evaluate the performances of applisuperconductors from measurements of the imaginary part of
cations like superconducting quantum interference devicefhe complex conductivitys”, at a given angular frequency
(SQUIDs, filters, fault current limiters, magnets, etc. Fur- . From this quantity we can determine the magnetic pen-
thermore, the symmetry of the excitation spectrum gives inetration depthk, which is related to the superfluid density
sight into the nature of the effective interaction responsibleng. Two regions of temperatures are of intergdd: in the
for the superconducting transition. In this respect, the experiyicinity of the transition temperaturé,, o” provide infor-
mental evidence for unconventionédr nons) symmetry,  mation on the critical behavior of the superconducting order
such asp- or d-like, reported on most compounds of heavy parameter;(2) at low temperaturesT~0, the temperature
fermions; cuprates;® and rhutenatés’ has attracted a great gependence of reflects the size and symmetry of the super-
interest. However, most data, such as those based on SQU@)nducting gap functiom\,. In bulk samples and single
experiments on cupratésare not conclusive or in contrast crystals,\ is usually measured by using techniques based on
with other date Such discrepancy may be due to the ex-cavity or muon-spin rotation techniques. The former tech-
treme sensitivity of the spectrum to impurities or secondjgue is applicable to films if the sample can be mounted as
order interactions that are not responsible for the pairingg;, end plate to a host cavifyThis setup requires films with
a well-defined shape prepared on substrates with low dielec-
Aauthor to whom correspondence should be addressed; electronic maiffic losses at microwave frequencies. Due to these limita-
gauzzi@maspec.bo.cnr.it tions, superconducting films are commonly measured by the
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less, but is suited only for samples with a well-defined thick-
ness.

Here we describe a novel single-coil inductance tech-
nigue enabling us to measure the absolute valug wiith
very high resolution on any bulk or thin film samples, pro-
vided a flat surface of a few nfis available. The single coil
geometry, originally proposed by Gasparov and
Oganesyan? has the same advantages of the two-coil geom-
etry and provides two additional advantagés:a better con-
trol of the sample-coil arrangement, implying an easier cali-
bration for measuring the absolute valueNgfas discussed
later; (2) a higher sensitivity to the variations &f Thanks to
(2), it was possible to observe the Kosterlitz—Thouless—
Berzinskii vortex—antivortex unbinding transition in ultrathin
YBaCuO films* The new setup of the single-coil technique
presented here combines the simplicity of the single-coll
configuration with the high frequency stability-0.2 H2) of
a specially designed marginal oscillatsee Ref. 14 and Fig.
1). Thanks to this arrangement, the resolution in the mea-
surement ofA has been further enhanced and is now in the
10 pm range.

This article is organized as followst) we summarize
the basic principle of operation of the experimental tech-
nique (Sec. l); (ii) we outline the inversion procedure used
to convert the raw data into data afand recall the basic
equations of electrodynamics of superconduct@sc. IlI).

A review on these equations is given elsewHeréi) we
describe the experimental setup adopt&ec 1V); (iv) as
example of application, we report measurements on refer-
ence NbTi bulk samples and Nb filngSec. .

II. PRINCIPLE OF OPERATION

The single-coil inductance technique described here is
based on the same principle as reported elsewiéra\ is
measured as a change of impedadce of a pancake coil
located in the proximity of the sample and connected in par-
allel with a low-loss capacitor. The bridge method used
previously?**for measuring\ Z has limited frequency reso-
lution due to the typically lowQ value of the resonaritC
circuit [we recall thatQ '=R/wL, see also Eq(1)]. We
have significantly enhanced this resolution by connecting the
abovelLC circuit at the input of a marginal oscillatdsee
Figs. 1 and 2 The principle of operation of this device is
described in detail elsewheté:;in summary, a change of
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FIG. 1. (a) Top panel: block diagram of the experimental setup showing the

impedance of th&C circuit is detected as a change of reso- cojl_sample arrangement, the circuit, and the marginal oscillator. Bot-
nant frequencyf and amplitudeV of the oscillating signal. tom: schematic circuit of the oscillator; see Ref. 14 for further detéls.
ThelLC parameters are chosen to et 2—4 MHz, which is Magnified photograph of a miniaturized coil mounted in the setup.

within the range of optimum operation of the oscillator.

Without sample, these parameters fall in the 248 and  (2) any temperature-dependent changes of impedance de-

0.5-1 nF range, respectively. The very high sensitivity of the
method arises from the strong mutual inductance between
sample and coil in the single-coil geometry, in addition to the
very high frequency stability of the oscillator. The successful
application of the above principle of operation requires:

(1) an adequate procedure for converting the faand V

tected by the oscillator must only arise from a change of
conductivity of the sample. Thus, we must prevent any
parameter of the circuit, except the sample, from chang-
ing with temperature.

The above two points are discussed in Secs. Ill and IV.

data into data oh. This procedure is an inversion pro- Il BASIC EQUATIONS: INVERSION PROCEDURE

cedure, sincé. appears in implicit form in the final Eq.

This procedure consists of two steps. First, the raw data

(9); of frequencyf and amplitudeV of the oscillation are trans-
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with temperature, since they depend on sample conductivity.
The dependence of , on Z, is obtained from the nonlinear
(1-V) characteristic of the oscillattt

B R(T)C
V(T)=B8\/ a— LT 2

where « and B8 are two characteristic parameters of the os-
cillator. By inverting the system formed by Ed4) and(2),

the impedanceZ ,=R,+iwL of the coil can be extracted
from the rawf andV data. Here we limit our discussion to
the variations oL (and hence of\). The reason is twofold.
First, we focus our attention on the low-temperature region
where dissipation phenomena are usually negligible. Second,
a quantitative study of the above phenomena would require a
modification of our experimental setup according to the fol-
lowing considerations. From Eq1l) it follows that the fre-
quency changaf induced by a change of inductanaé. or
resistance\R is 2Af/f=AL/L or Af/f3=47?C?RAR, re-
spectively. By taking into account the above typical values
for L andC and thatR= 0.2 ) without sample, we conclude
that the resolutionL and 6R of a 0.2 Hz resolution mea-
surement is 100 fH and 5 @ respectively. In our arrange-
ment frequency measurements are therefore sensitive to tiny
(@ variations ofL but less sensitive to variations &. Loss
measurements by measuring frequency changes are possible
if AR is large enough, i.e., in the normal state or in the
superconducting state sufficiently near the transittofhis

1=l case is not treated here. Sample-induced changes of resis-
tance could be more easily measured as a change of the
oscillation amplitude/,, [see Eq(2)]. However, the calibra-
tion of thel-V characteristics of the oscillator, which deter-
mines the parameters and B, would require a modification

of the circuit to achieve the necessary thermal stability.

The second step of the inversion procedure requires
solving Maxwell's equations in the coil-sample geometry
[see Fig. 2b)]. The sample is modeled as an infinite slab of
thicknessd. This approximation neglects finite-size effects,
sample which is correct if the coil dimension is much smaller than
: b : the sample dimension. Numerical simulations indicate that
this condition is fulfilled in samples larger thasd mm. By
(0) explicitly separating the current density in the cj co

from that of the samplg,, sampie W€ Write in the London
FIG. 2. (a) Cross-sectional view of the sample holder and coil arrangement au divA =
; : ; - ! ge (dhvA=0)
(b) Detailed cross-sectional view of the coil-sample arrangement showméJ
the relevant distances. Notations are as in the Appendix. V2A =— 10 o coil | samplg 3
w w, w, -

Pt

copper (4-100 K)

sapphire

Vm

sapphire

copper (at 4.2 K)

N

°y

We consider the case of low frequencies within the limit of
formed into data of impedandg, of the coil. Second, thg,,  validity of Ohm’s law; we then write

values are converted into values ®f of the sample. As to

the first step, the resonant circuit of Fig. 1 is characterized by 1 o.sampie= 10T A,, - (4)
the following resonant frequendy= w/27: The validity of the local Ohm’s law implies one-mode
electrodynamics; this restricts the validity of the analysis to
2 the vortex-free state@Meissner and normal stajesAs re-
f(T)= i ;—[@} (1)  cently showr?? the presence of vortices entails a two-mode
"2z VLMmc |LM]" Y L P

electrodynamics, respectively associated with vortex line
tension and viscous drag. This significantly affects both the
whereC is the capacitance aridandR are, respectively, the inductive and resistive linear response of a superconductor.
inductance and resistance of the coil coupled to the sampl®&y inserting Eq.(4) into Eq.(3), the solution for the field\,

In Eq. (1) we emphasize that is temperature independent, becomes a function gf, ., ando,,, where the latter is the
since the capacitor is kept at 4.2 K whlleandR both vary  only free parameter. The former is a known function, pro-
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8] from T.. The effects of vortex states are negligible in the
160 | L=10 - linear regime at sufficiently low coil currents. For currents
140 [ M=12 ] producing magnetic fields below 16 T in proximity of the
o 120l R =0.25mm ] sample, which is our case, the frequency is found to be in-
€ - AR=18pm . dependent from the amplitude. The electromagnetic response
E °r h=30pm 1 of the sample is then mostly diamagnetic and losses are neg-
= 8or ah =18 um 1 ligible. The explicit expression of the complex conductivity
= 60 bo=7779pH ] becomes
a0 ]
. . 1
20 _ O_H _
0 /A R e wMO)\Z (8)
0 5 10 15 20 25

0! ~0 (0#0, hw<A).
¥ [mm]-!

By replacing the above expression into E(.and (7), we

FIG. 3. Plot of theM(y) function[see Eq(6)] for a coil-sample distance htain the final expression for the variation of coil induc-
h=30 um. Notations are as in the Appendix. tance

vided that the geometry of the current distribution in the coil L * M(y)
and the distance of the coil-sample is knogee the Ap- 0 d
pendiy. The perturbation of the field produced by the 1+2y\ cothy

sample is detected as a change of coil impedafice B o
b g pedanice By In summary, when the coil is placed close to the super-

definition X I . ;
conducting sample as shown in Fig. 2, in the London regime,
| 7 —i jg A dl 5) mainly the inductive part of the coil impedance is changed.
wCa™ 0 @ This change is detected as a change of frequérad con-

wherel , is the current flowing through the coil and the path verted into variation oh thanks to Eq(9).

integral is calculated along the spiral forming the coil. The
wire forming the latter is modeled as if it were infinitely thin; 1IvV. EXPERIMENTAL SETUP
this approximation is valid because the wire diameter is

much thinner than the skin depth at the working frequency. fthA scr:em_atlc dlag_ra_m IS s_h_O\;vn_ln Elgs. 1 aknd 2._|The(;:oref
In this case, following the formalism proposed by Pé4rl, ©' \N€ SEWP IS a precision miniaturized pancake coll made o

the explicit dependence &, on o, can be calculateex- a 18 um diam copper wire. The internal and external coil

. . : diameters are 0.5 and 0.8—0.9 mm, respectively, depending
23';';—2?] rttre]seuglésetbf;z followingsee the Appendix for more on the number of turnsee Fig. 1b)]. Typically, the wind-

ing consists of 9—11 sheets of 8—-10 turns each. As previ-

. = M(y) ously mentioned, the resulting self-inductarnggfalls in the
Zw:zo,w_'m"'““ojo gd7 ® 5 g uH range. The capacitor is a low-loss monolithic
1+2yl COthl— multilayer ceramic chip of 0.5—1 nF with very high tempera-
ture stability.
whereZ,,, is the value ofZ,, without sample and is calcu- The coil-sample arrangement has been designed to sat-
lated separately only oncél(y) depends only on the coil jsfy two requirements:
geometry and coil-sample distaritésee Ref. 11, Fig. 2 and (1) to control the sample—coil distandeas much as
the Appendiy, y is a wave number in they plane, and is  possible to precisely measure the absolute value bfdeed,
a complex length defined as from Egs.(9) and (A3) it follows that an uncertaintysh in
i the measure oh produces an uncertaint§A ~ sh/2hy for
= \/wﬂoo . (7) bulk samples. For thin films, in the above expressiomust

be replaced by the effective penetration deptboth@/)).

This distance is reduced to the London penetration depth foBimilar considerations are extensively discussed in Refs. 18
superconductors in the London regime considered fee  and 19 for the two-coil geometry, where the relative position
Egs.(8) and(9)]. M(y) plays the role of mutual inductance of the secondpickup coil with respect to the firstdrive)
between coil and sample at a given wave numpeiThe  coil constitutes an additional parameter to be controlled for
range of valuesy giving the dominant contribution ti () achieving the desired precision and resolution of the mea-
is on the order of the inverse of the internal diameter of thesurement.
coil. In our case,y~4x10®* m™%, as it appears from the (2) To minimize heat conduction between sample and
numerical example given in Fig. 3. coil. This is necessary to prevent any temperature-induced

Thanks to Eq(6), in principle we can measure the com- changes of coil resistance, since the oscillator is sensitive to
plex conductivity of any samplésuperconducting or npby  every tiny change of impedance in any points of the input
measuring the variationZ ,=Z ,—Z,, of coil impedance. circuit. So, while changing the sample temperature, the coil
Here we consider only the specific case of a superconductingnd the other parts of the circuit must be kept at constant
sample in the London regime, which is valid sufficiently far temperature.
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In order to fulfill both conditions, we have thermally - . e . . 2.7
isolated the sample from the coil by positioning thre8.5 a9l 0008 @m0 N\ 126
mm diam SiQ beads between the sapphire block supporting I | 1s
the coil and the sample surfafeee Fig. 23)]. The resulting o frequency f s
coil-sample spacing is-0.1 mm. This distance is precisely ¥ ss| ° Y ° 1
estimated by measuring a reference sample with a known = ' 1*° E
value of\. The heat conduction between sample and coil is ™ . 22
negligible thanks to the low residual helium pressure inside ST A 321
the cryostat €10 © Torr). To avoid any temperature varia- ’ 120
tion of circuit parameters, the coil and capacitance are ther- | 2 Ttk
malized by a copper heat sink at 4.2 K. The coil is placed T4 5 6 7 8 9 0 1
onto a sapphire block to avoid the induction of parasitic cur- Temperature [K]
rents and ensure best thermal contact with the heat sink. The 2.6 ——— ———— 125
sample is thermalized by a copper sample holder. 25} emeseomsusessss s400 005 000 o0 sonmmenrmme | =

In summary, heat conduction between sample and coil is 24 120
minimized thanks to the modest thermal conductivity of 230 fequency f
glass and the tiny surface of the beads in contact with the 22 o ampltudeV 115 o
coil holder. The effectiveness of this arrangement to keep all = 21t 1=
objects, except the sample, at constant temperature is con-* 20r 10
firmed by the negligible background signal obtained without o
sample. The drift signal arising from the electronic circuit is 8 ° oocomDRay, w105
minimized by regulating the temperature of the circuit at a 71 b) 120 nm thick Nb film °
value slightly larger than room temperature. '8, 5 P T

As for the control of the sample—coil distanbe our Temperature [K]

measurements of frequency changes without sample indicate e of avplication of the techni = bulk
that h is not affected by thermal expansion effects of the"'G: 4: Example of application of the technique to a NbTi bulk santale
. e and a 120 nm thick Nb film prepared on Si by magnetron sputtébhd-or
glass beads. Indeed, if the latter were significantly heated bioth samples, the raw frequenéyand oscillation amplitude/ data are
the sample, their expansion would k& nm below 50 K  plotted as a function of temperature. (i), the missing data in the transition
and <20 nm below 100 K thanks to the small thermal ex- region are due to the decrease of Qevalue of the oscillator below the
pansion coefficient of glagd.Such variations would corre- eshold value enabling the oscillatipsee Eqs(1) and (2)]
spond to frequency variations —0.1 Hz/nm. The observed
variations are within the stability level of the oscillator at
temperatures below 100 K, so we conclude that thermal ex- x,=1—|—| =— - — —

, (10
pansion effects are within the experimental resolution below AT 3p Je (2m)°

100 K. Other sources of systematic errors in the measurgyheref is the Fermi distribution function. At sufficiently low
ment of A are the imperfect parallelism between sample andemperatures, Eq10) tend to the well-known exponential
coil and the precision of the coil impedance measurementoym )\ (T)—\(0)=exp(—A/ksT), which has been experi-
Ultimately, the latter turns out to be the dominant factormentally confirmed in other BCS-type superconductors, such
limiting the precision of our measurements ®f in the 55 NBCN filmsl8

present arrangement we estimate this precision to-B@ From Figs. 4a) and 4b) we note the following(1) the
nm. On the other hand, the very high stability of the oscilla-syperconducting transition manifests itself as a jump of the
tor, in addition to negligible background signal and heat exyesonant frequendiy this corresponds to the screening effect
pansion effects, enables us to achieve a very high resolutiogf the supercurrents in the sample that reduce the coil induc-
S\. From Eq.(9) and Fig. 3 and by recalling th@lL. ~100  tance[see Eq.(1)]. The transition temperatures are 8.9 and

A(O)r_ 2482 Lof(e) d%

fH, we obtainéx~10 pm. 9.1 K for the NbTi and Nb samples, respectively; both values
are in the range of values reported in the literatdré:?*The
V. APPLICATION TO NbTi AND Nb SAMPLES transition begins just before the end of the tail of the resistive

transition; (2) across the transition, the amplitudeof the

In Figs. 4a) and 4b) we report the raw amplitude and oscillating signal is influenced by two factors with opposite
frequency data obtained on a standard NbTi bulk sample anefffects[see Eq(2)]: V tends to increase because of the drop
a 120 nm thick Nb film prepared ofi1l) Si by magnetron of sample resistance and to decrease because of the drop of
sputtering. These two materials are taken as reference to tesbil inductance. The first effect dominates in samples with
the reliability of the technique, since it has been reported onhickness larger than the skin depth, as our NbTi bulk
both?1?2 that the temperature dependencelofoliows the  samples, where the absorption of the electromagnetic field is
Bardeen—Cooper—SchrieffdBCS prediction for conven- large in the normal state. The increase of dissipation in the
tional superconductors with a nearly isotrogievave gap. transition region is usually small in these samples and hardly
This prediction is obtained by assuming the BCS energyisible as a dip of amplitude. As a result, a jump of ampli-
spectrume in the usual Fermi liquid-like expression for the tude similar to that of frequency is observed in the tempera-
normal fraction of the total electron densjiy(Ref. 23 ture dependence. In thin films, as our Nb films, the absorp-
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1000 Py prediction is observed only in the NbTi sample. The break-

900 - @) NbTibulk ! ] down of the London regime is indeed expected in this tem-

800 I ' . , 1 perature region because of dissipative phenomena produced

F —— BCS-Muhlschlegel fit .

700 ] by vortex dynamics, for exampf&.1t has been known for

600 | . many years that these phenomena are more relevant in al-
1 loys, such as NbTi, than in pure metal, such as Nb. This is

] consistent with our experimental result that no appreciable

] deviation from the BCS prediction is found in our Nb film at

- any temperature. In conclusion, the above comparison of our

100 [ ] data with published data obtained by using various tech-

N T T T T T T niques indicates the reliability of the single—coil technique

o 1+ 2 3 4 5 6 7 & 9 1 presented here.

exp. points

500 |
a00 |
300 |

Alnm]

600 _ b} 120 nm thick Nb film ‘ ] ACKNOWLEDGMENTS
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FIG. 5. Conversion of the raw data of Fig. 4 infodata by using the

conversion formula Eqg1), (2), and(9). The solid line represents a fit of APPENDIX

the data by using the BCS predicti¢Eq. (10)] for conventionals-wave

weak-coupling superconductors. For the NbTi sample, the deviation of the ~ To solve Eq.(3), we note that the current density distri-

data from the above prediction near the transition is discussed in the text., \tion joil in the coil lies in the(xy) plane of the sample.
Therefore, there is no net current flowing along the perpen-

tion of the field is negligible in the normal state. In this casedicular (z) direction. For simplicity, we consider a sample

the amplitude variations are mainly determined by the dropwith isotropic conductivityo in the plane to avoid compli-

of coil inductance and the amplitude at low temperatures igation in the formulas. By rewriting Eq3) in cylindrical

smaller than at high temperatures. As a result the above digoordinates, only the orthoradial compongutof the vector

becomes pronounced. Below a given threshold value of quapotential A is nonzero and we obtain

ity factor Q, no oscillation is possiblesee Eqs(1) and(2)], ) ) )

which is indeed the case of the Nb film in Figbj VAy(p,2) = — polj v,coi(p,2) TiwoHy(—=2)Ay(p,2)],

In Figs. 5a) and 8b) we reported the same raw data (A1)
converted intox data by using Eqs(1), (2), and(9). Asto  where the origin and direction of theaxis are chosen as
the temperature dependence of these data, we find an excehown in Fig. 2b), the » subscripts have been omitted,
lent agreement with Eq(10) by assuming a conventional  (z) is the Heaviside function, whose value is unity in the
isotropic BCS spectrum. In the latter, we have mcorp_prateqoyd] interval and zero elsewhere, adds the thickness of
the exact temperature dependence of the gap by using Mghe sample. The current density distribution in the coil

us to determine the zero-temperature value.oWe obtain 55 follows:

163 and 8430 nm for the NbTi and Nb samples, respec-
tively. These values as well fall within the range reported in
the literaturé>?22*|n the case of Nb, for example, the re- 1 9,cail=! ;0 5(Z_h_|Ah)mE:0 8(p—R-mAR), (A2)
ported values vary from 43 to 120 nm depending on the
degree of sample purif§®.Indeed, we recall that we measure where | is the current flowing in the coilg is the delta
an effectivemagnetic penetration deptk. In presence of distribution, h is the sample—coil distanc® is the internal
impurities and disorder is usually larger than the London cail radius, andAh and AR are the spacings between adja-
penetration depth by a factafl + &,/1, where, andl are,  cent sheets and adjacent turns, respectively, in the same sheet
respectively, the BCS zero-temperature superconducting cdsee also Fig. @)].
herence length and the mean free path of the charge cdtriers. Following Pearlt’ Eq. (A1) can be solved exactly. The

As to the temperature dependenceiofiear the transi- result is Eq(6) where the explicit expression for the function
tion point, an appreciable deviation from the BCS theoreticaM () of mutual inductance is reported below

L-1 M-1
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L-1 M-1

M(y)={e—h7|20 e—'A’WZO Ji[¥(R+MAR)]

2
><(R+mAR)] , (A3)

where y is a wave number and, is the first order Bessel
function. In Fig. 3 we report a plot oM(y) for typical
parameters of our experimental setup.
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