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necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Observation of quantum susceptance in
superconducting tunnel junctions
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and
F.L. Lloydb)
Electmmagnetic Technology Division
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Abstract

We fxavc made the first direct measurement of the ciuanturn susceptance which arises
from the reactive part of quasiparticle tunneling in a superconductor-insulator-superconductor
Jjuncton. The junction is coupled to an antenna and a superconducting microstrip stub to forma
resonator; the resonant frequency is measured from the response of the junction to broadband
radiation from a Fourier transform spectrometer. A 19% shift of the resonant frequency, from
73 GHz to 87 GHz, is observed that arises from the change of the quantum susceptance of the
junction with dc bias voltage. The measured shift is in excellent agreement with Werthamer-
Tucker theory, which includes the quantum susceptance. This quantum susceptance should
exist in other tunnel devices such as quantum well structures whose nonlinear [-V

characteristics are due to elastic tunneling.
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Superconductor-Insulator-Superconductor (SIS) junctions carry tunneling currents due
both to Cooper pairs from the superconducting ground state and to quasiparticles excited from
the ground state. The tunneling current for each type exhibits both resistive (in-phase) and
reactive (out-of-phase) response to an ac drive. These two components are related through a
Kramers-Kronig transform as is required for any causal linear response. For Cooper pair
tunneling, the in-phase component is the Josephson cos¢ term,!.2 while the out-of-phase
component is the Josephson sin¢ term.!.2 For quasiparticles, the quantum expression for the
in-phase component depends only on the dc quasiparticle I-V characteristic, while the out-of-
phase component is the so-called quantum susceptance or quantum reactance. I-3 The reactive
quasiparticle tunneling current is a result of virtual photon-assisted-tuﬁneling. The
quasiparticles SlO‘Sh back and forth between the two sides of the SIS junction by absorbing and
emitting virtual photons.?

While both phases of Josephson tunneling and quasiparticle resistive -tunneling have
been studied extensively, the quantum susceptance has been largely ignored. The contribution
from the quantum susceptance to the tunneling current is only significant at frequencies icw/e 2
AV, where AV is the voltage rﬁnge of nonlinearity.3 Available junctions with well defined
quasiparticle [-V curves generally have too much shunt capacitance to permit direct
measurement at such high frequencies. Quantitative investigations of the performance of SIS
quasiparticle direct detectors and mixers have raised questions about the importance of the
quantum susceptance. As in the case for the Josephson cos¢ term,3 however, the effect of the
quantum susceptance is subtle even at frequencies comparable to the gap frequency. The
afgumen,t has been made® that it would be very difficult to distinguish the effect of quantum
susceptance from other effects. In this letter, we report a direct experimental measurement of
the quantum susceptance of an SIS junction. This measurement is based on a measurement of
the bias dependence of the resonant frequency of a circuit which contains the SIS junction.
This shift of the resonant frequency is due to the change of the quantum susceptance with the

dc bias voltage across the junction.



At frequencies fio/e > AV, where AV is the voltage range of the nonlinearity near the
sum gap, the response of SIS junctions must be treated quantumn mechanically.3 In the small
signal limit, the induced RF current I, and the RF voltage V, are related through an
admittance Y(w) which is a function of frequency due to the non-local current-voltage relation.
The real (dissipative) part of Y(w), which we call the quantum conductance GQ(w), is given

by,3

Go(®) = Re[Y()] = -z-i%[xdc(vo + fv/e) - Lae(Vo - fiw/e)] . (1)

Here I4c(V,) is the dc quasipafticle I-V characteristic. This characteristic car} be conveniently
obtained from a measurement such as the one shown in Fig. 1(a). In Eq. (1), Go(w) reduces to
the classical limit dI/dV at low frequencies, and approaches the inverse of the normal resistance
1/Rq at frequencies far above the gap frequency. The response of an SIS junction is like a
classical diode at low frequencies, and becomes Ohmic when the photon energy is much
greater than the gap energy. Experimental evidence for this quantum conductance has been well
established and it has been utilized in SIS quasiparticle direct detection.”

The quantum susceptance BQ(w), which is the imaginary part of Y(w), should be
related to GQ(w) through a Kramers-Kronig transform, as is required for any causal, linear

response,d

T Gy
- — do' ~Q
BQ((D) = Im{Y(w)] =P TW ) (2)

-

where P stands for principle value. From Eq. (2), we can show that the quantum susceptance

Bq(w) can be expressed as,

Bo(w) = i[lm(vo + five) - 2Ikk(Vo) + IKk(Vo - Fv/e)] . BG)
(0



\H/

Where Ixx(V) is the real part of the quasiparticle response function at frequency w = e(V-

Vo)/i.1-3 It can be expressed as a voltage Kramers-Kronig transform of Igc(V),

v I (V')' V'/R
V)=P dV' ‘dc n
'IKK( )_ ’ T V-V ’ ' (4)

-0

An example of Igk is shown in Fig. 1(b). The result (3) was derived previously® from
Tucker's theory3 by expanding the local oscillator-induced current to first order in Vy,.
According to this theory, the measured quasiparticle dc I-V curve I4¢(V,) contains all the
information about the high frequency response of the quasiparticles in an SIS junction,
provided that only elastic tunneling conaributes to Lic(Vo).

Equation (3) has a very clear geometric meaning: BQ(w) is a measure of the curvature -

of the three points Ixx(Vo + fiw/e), Ikx(Vo), and Ixkx (Vo - iw/e). When the curvature is

__ .. upward, the quantum susceptance Bq is positive; when the curvature is downward, the -

quantum susceptance is negative. It can be seen from Fig. 1(b) that as we increase the dc bias
voltage V, from zero, the curvature changes from positivc to negative and back to positive.
This implies that the quantum susceptancé changes from capacitive to inductive and back to
capacitive as is shown in Fig. 1(d). Note that Bq has the largest capacitive value at one photon
voltage fiw/e below the sum gap voltage Vg because the curvature has the largest posiuve value
. at this point. BQ has the largest inductive value at Vg because the curvature has the largest
negative value at this pbint. The physical explanation of the voltage dependence of Bg will be
discussed based on a model of a two-level system in a forthcoming paper. 0 In Fig. 1(c), we
also plot the quantum conductance GQ as a function of bias voltage. There is a well defined
maximum in GQ over the voltage range for which a quasiparticle can tunnel by absorbinﬂg or

emitting one photon.
We have measured the voltage dependence of the quantum susceptance by ot;serving

the voltage dependent shift of the resonant frequency of a circuit consisting ot an SIS junction

and a superconducting microstrip stub. The resonator is excited by the chopped output of a tar-



infrared Fourier transform spectrometer (FTS) which is coupled using a planar lithographed
antenna. The excitation level of the circuit is obtained from the chopped component of the dc
current of the junction, which is operated as an SIS direct detector.” A picture and a schematic
drawing of the SIS junction with the microstrip stub located at the center of a log-periodic
antenna are shown in Fig. 2(a) and (b). The response of this resonator to a small RF signal
can be analyzed by using the equivalent circuit shown in Fig. 2(c). The signal source is
represented by an RF current source in parallel with the real antenna admittance Y 5. The SIS
junctdon is represented by the parallel combination of the quantum conductance Gg(w),
quantum susceptance BQ(w), and the geometric capacitance C. The superconducting mierosnip
stub is assumed to be lossless and is represented by a susceptance Bgyp(w). The imbedding
susceptance Bymp, which is defined as the total susceptance that is independent of dc bias
voltage, is jlist the sum of the susceptances of the junction capacitance wC and of the microstrip
stub Bgup(w). The resohan’ce of the equivalent circuit of Fig. 2(c) corresponds to the condition
Biotal = BQ(w) + Bimp(®) = 0. Without the quantum susceptance Bq, the resonant frequency
@, would be independent of bias voltage. Since Bq changes rapidly with dc bias voltage Vg as
shown in Fig. 1(d), however, we expect that wq will change as Vg is changed.

Each part of this experiment was designed to minimize the effect of standing wave
resonances which could distort the measurement, especially at bias voltages above Vg - fidg/e
where the resorant Q is low. An FTS was used as a signal source, rather than a coherent
microwave oscillator because the poor spatial coherence helps to average over standing waves.
A very broadband antenna design was used. The stub design was chosen to minimize the
frequency dependence of the stub susceptance. The use of the internal detection mechanism in
the SIS juncton avoids the possibility of standing waves that can arise in the coupling to an
external detector. |

The apparatus used in this experiment is essentially the same as was used in our
quasioptcal SIS mixer experiments.!! The output of the step-and-integrate FTS is connected to

the cyrostat through a 11-mm diameter light pipe. Inside the cryostat, the signal beam is
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focused by a f/0.85 TPX lens, and then by a hyperhemispherical quartz lens to a £/0.5
converging beam. The log-periodic antenna is centered on the flat side of the
hyperhemispherical quartz lens. The quartz lens is heat sunk to the 4.2 K liquid helium through
a copper support.

Examples of the measured detector output Al as a function of the path difference of
the FTS are shown in Figs. 3(a) and (b). Figures 3(c) and (d) show the spectral response of
the circuit obtaineci by averaging 5 to 10 Fourier transforms of such interferograms and
correcting for the spectrometer efficiency. Figures 3(a) and (c) were measured with V, =2.350
mV which is far enough below V, that the resonance peak is narrow and not fully resolved.
Figures 3(b) and (d) are for V4 = 2.500 mV, where the resonance peak is wide dﬁe 1o the large
value of quantum conductance Gq seen in Fig. 1(c) and is essentially fully resolved. The
interferogram (b) has been truncated so as to filter out fringes which arise from stariding waves
in the\quasioptical system.

Since the antenna-coupled SIS direct detector sees only a single electromagnetic mode,
the spectral intensity of the output of the FTS is the frequency independent Rayleigh-Jeans
spectrum multiplied by the frequency dependent beamsplitter efficiency.!? After normalizing |
these spectra over the beamsplitter efficiency, we obtain the resonant frequencies by least-
mean-square fitting the top half of the resonance peaks to 2nd to 4th order polynomials. The
degree of the polynomials required in the fitting is determined by the asymmetry of the peak.
The estimates of possible errors in the measured resonant frequencies are chosen as the
frequency ranges over which the fitted polynomials have more than 90% of their peak values.
The result is plotted in Fig. 4(a) as a function of dc bias voltage. Below 2.150 mV and above
2.650 mV, the signal/noise ratio of the spectra is too poor to obtain reliable information on the
resonant frequencies. The error bars are larger for V, > 2.450 mV where the peaks are broad.
The measured resonant frequencies clearly show a smooth shift as the dc bias voltage changes.

The most dramatic change of the resonant frequency takes place in the voltage range tfrom



2.400 to 2.650 mV, where the quantum susccptancé Bq changes rapidly from capacitive to
inductve.

A quantitative comparison of the measured bias dependent frequency shift of our circuit
with theory requires a precise evaluation of all circuit parameters. The log-periodic antennal3
used in this experiment has a real and frequency-independent admittance,!4 Y4 =
((1+€)/2)1/2/189 Q-1. For quartz substrates, € = 3.85, s0 Ya = 8.3x10-3 Q-1 The SIS junction
is'a Nb/Al,03/Nb sandwich made using the tri-layer process.!3 Its I-\_’ curve in Fig. 1(a)
shows a low leakage current and a sharp gap structure even at the estimated temperature of 4.5
K. The junction area is éstimated to be 2.5.x2.5 um2, which gives a geometric capacitance of
0.28 pF if we assume a speciﬁc:‘capacitanée value of 45 fF/um?2.16 |

The microstrip stub shown in Figures 2(a) and (b) is made out of Pb-In-Au alloy that is
separated from the Nb ground plane by a layer of insulating SiO. The stub consists of a narrow
‘ section (1) with width w1 = 6 um and length /; = 135 um and a wide section (2) with wa = 40
um and /2 = 260 um. The phase velocity in the microstrip line is v = 1/(LsCs)!/2, where Lg =
(Lo/kw)[t + Ajcoth(ti/A1) + Aacoth(tz/A7)] is the inductance per unit length,!17 and Cg =
kereow/t is the capacitance per unit length.17 Here t and €, are the thickness and the relgtive
dielectric constant of the insulating layer of SiO, t; 2 and A1 2 are the thicknesses and‘ the
London penetration depths of the ground (Nb) and top (Pb-In-Au) planes, and k is a fringing
factor that is close to unity. Using the designed values, g€r=5.7,18 t=3000 A, 1; = 2000 A, 1
= 4250 A, Anp = 850 A,18 App.in-Au = 1450 A, 18 the phase velocity is v = 0.30+0.01 c. The
length of the wider section is A/4 at 87 GHz, so this section transforms an RF open circuit at
point A to an RF short circuit at point B.19 This design gives a slower variation of the
susceptance as a function of frequency than that for an open-ended stub.20 The length of the

narrow section is A/8 at 85 GHz which transforms the RF short to an inductve admittance. The

total susceptance of the two-section stub is given by!9



_ Y, [Y, tan(Bl)) + Y, tan(Bl)]
stub Y, - Y, tan(B!,) tan(BL,)

; 3)

where B = w/v, and the characteristic admittances Y = (Cg/Ls)!/2 of the narrow and wide
sections of the stub are Y; = 0.124 Q-1, and Y, = 0.637 Q! respectively. The induced dc

current per unit available RF power P4 at the antenna terminals as a function of RF frequency

is given by,
Al Y, .Y, 2,

de _ Jlla” s . i 6
P, S{(w) [1 IYA+Y, '] (6)

Where Y; = GqQ + i(BQ + @C + Bgyb) is the total admittance of the SIS junction and the stub.
The current responsivity Sj(w) of the SIS direct detector is given by3
Al LV, + fiw/e) - 21 Vo) +1,.(V, - fio/e)

S(w)=—% = & , 7
(=5 = 50~ TV, 8we) -1V, - 5e) 0
dc* " O dct " O

where Py =1,V /2 is the coupled RF power. Because the reactive quasiparticle response
function Igkk does not appear in Eq. (7) the quantum susceptance does not affect this
responsivity. Since Sy(w) is a smooth function of frequency, except at e(Vg - Vo)/hi, the
frequency which corresponds to the maximum Alyc is mainly determined by the resonance
condition of the circuit, Im(Y) = BQ + wC + Bgyp = 0.

In order to make an accurate comparison between theory and experiment, we calculated
theoretical estimates of the detector output and analyzed them by the same procedures used for
the éxperirncntal data. First, we computed the induced dc current as a function of RF frequency
using Eq. (6). Second, we convolved these computed spectra with the Fourier transtorm of the
apodization function which was used for the experimental interferograms.2! The calculated

results (dashed lines) are compared with the experimental results (solid lines) in Fig. 3(c) for



Vo = 2.350 mV and 3(d) for V4 = 2.500 mV. The calculation reproduces most important
features of the data. For example, the shoulder on the high frequency side of (c) arises trom the
frequency dependence in Eq. (7). Third, we fitted the same number of computed data points at
the same discrete frequencies with the same order of polynomials as we did from the
experimental data. The theoretically calculated curve of the resonant frequency as a function of
Vo is shown in Fig. 4(a) as the solid line. It is in excellent agreement with the experimental
reéulL As a comparison, the dashed line, which is essentially flat and obviously differs from
the experimental results, is the voltage dependence of the peak frequency of the resonance
without the quantum susceptance Bq. The weak voltage dependence of the dashed line is due
to the change of the current responsivity Sl(mj in Eq. (7) with the bias voltage Vo Clearly, the
experimental results provide decisive evidence for the quantum susceptance.

We would like to emphasize that the values of two key parameters, the junction
capacitance C = 0.275 pF, and the phase velociiy v = 0.286 c, which were used in our
theoretical computation, are essentially the same as the ones we estimate from the geometric
dimensions, 0.28 pF and 0.30+0.01 c. As a check on these parameters, we have measured the
resonant frequency at 0.158 mV where the responsivity of the junction contains a sharp peak
that arises from the nonlinear interaction of the Josephson oscillation with the resonant
circuit.!0 The quantum susceptance Bq from Fig. 1(d) is negligible at this low bias voltage.
The measured resonant frequency of 77 GHz coincides with the dashed line in Fig. 4(a), which
is the theoretical prediction for Bg .=f0. This essentially perfect agreement verifies the values of
C and v which were used in our theoretical calculations.

As a further check on the circuit parameters used in our theoretical simulaton, we have
independently deduced values of C = 0.275 pF and v = 0.272 ¢ by fitting pumped I-V curves
using the method published previously.9 The small differences between these two estimates
correspond to an overall vertical shift of the solid theoretical line in Fig. 4(a) by about 3

GHz.10
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We also investigated the possibility that Josephson response has an effect on the shift
of the resonant frequency by applying a magnetic field to change the Josephson critical current.
We did not see any change of the resonant frequency within our experimental accuracy up to a
field corresponding to several magnetic flux quanta in the junction. This is not surprising since
in our bias voltage range (2.15 - 2.65 mV), the Josephson current oscillates at frequencies
above 1 THz, which are effectively shunted by the capacitance.

l In Fig. 4(b), we plot the 3-dB linewidths Af of the resonance peaks as a function of the
bias voltage. The experimental values of Af Were obtained from the best fit polvnomials. The
solid line is the calculated one. Again, the agreement between experiment and the theory is
excellent. The sharp increase of Af at 2.45 mV corresponds to the sharp increase of the
quantum conductance Gq at one photon voltage fiw/e below the gap voltage V. Note from
Fig. 1(d) that the quanturh susceptance has the largest capacitive value at this voltage, Vg -
fiw/e, so the resonant frequency is the lowest as shown in Fig. 4(a). There is. some
disagreement between the theoretical and experimental values of Af near Vo = 2.5 mV. This
discrepancy arises because the experiment probes the region of the [-V curve around V,, + fiw/e
which lies. just above the sum gap voltage. Like most Nb-based junctions, our junction has a
negative resistance in this region due to the proximity effect which is not correctly reproduced
by our measurement system. '

In conclusion, we have made the first direct measurement of the quantum susceptance
by measuring the shift of the resonant frequency of a resonator which contains an SIS junction.
The observed shift, from 73 GHz to 87 GHz, and the excellent agreement with Werthamer-
Tucker theory, is clear evidence of the existence of the quantum susceptance. Our result has
therefore, directly verified one of the important aspects of the above theory. This aspect, the
existence of a reactive component which is associated with a nonlinear tunneling [-V
characteristic, should apply to other tunnel devices such as the quantum well structures.22 The
nonlinear dc I-V curves of those devices are due to elastic tunneling, so their RF admittance

Y(w) is given by Egs. (1) and (3) which can be obtained entirely from their dc I-V curves.
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Figure Captions

Figure 1; (a) Measured dc I-V curve at T ~ 4.5 K of the Nb/Al;O3/Nb éIS junction
studied in this letter. (b) Kramers-Kronig transform of I4c calculated using Eq. (4). (¢)
Quantum conductance Gq at ©/2r = 77 GHz calculated from Eq. (1) using the Igc(Vo) in Fig.
1(a). (d) Quantum susceptance Bq at 77 GHz calculated from Eq. (3) using the Ixg(V,) in

Fig. 1(b).

Figure 2. (a) Photograph of a log-periodic antenna with a microstrip stub, the SIS
junction is located at one end of the stub and at the center of the antenna. (b) S‘cheman'c of a
two-section microstrip stub. The ;pen circuit at point A is transformed to a short circuit at point
B by the A/4 stub. (c) Equivalent circuit of a resonator which includes a microstrip stub Bgyp,
- -ajunction capacitance C, the quantumn susceptance B, and the quantum conductance Gg. Both
Bq and Gq are functions of dc bias voltage. The radiation source and the antenna are

represented with an RF current source in parallel with the antenna admittance Y a.

Figure 3. Interferograms measured with a Fourier transform spectrometer, (a) at V, =
2.35 mV, (b) at Vo = 2.50 mV. Spectra after correcting for beamsplitter efficiency
corresponding to the above interferograms, (c) at 2.35 mV, (d) at 2.50 mV. The dashed lines

in (c) and (d) are the computed spectra.

Figure 4. (a) Resonant frequency as a function of dc bias voltage. The dots are the
experimentally measured resulits; the solid line is calculated theoretically; the dashed line is the
calculated result without including the quantum susceptance. Note the dashed line is essentially
“ flat vs. Vy. (b) Linewidth of the resonance as a function of V. The dots are the experimental

‘results and the solid line is calculated. wo/2x = 77 GHz is the resonant trequency of the

imbedding susceptance without the quantum susceptance Bq.
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