
VOLUME 82, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 8 FEBRUARY 1999

3106
Nonequilibrium ac Josephson Effect in Mesoscopic Nb-InAs-Nb Junctions
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Microwave irradiation of Nb-InAs-Nb junctions reveals frequency-doubled Josephson currents which
persist to high temperatures, in the absence of a critical current. A nonequilibrium dynamical model,
based on time-dependent Andreev bound states, successfully accounts for the resulting half-integer
Shapiro step and an enhancement in the conductance near zero bias. [S0031-9007(99)08420-3]

PACS numbers: 74.50.+r, 73.23.–b, 74.40.+k
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Superconducting weak kinks and proximity effects hav
recently attracted much renewed interest due to the dev
opment of fabrication techniques for junctions of meso
scopic dimensions. For example, Courtoiset al. [1] have
demonstrated the coexistence of different temperatu
dependences of different proximity effects, and Sche
et al. [2] have obtained detailed agreement between t
theoretical and experimental dc characteristics of atom
sized superconducting constrictions. In this Letter, w
extend this trend to dynamical nonequilibrium (NEQ
supercurrents [3,4].

We have found that in mesoscopic superconducto
normal metal–superconductor (SNS) junctions, where t
normal metal is a two-dimensional electron gas (2DEG
formed in an indium arsenide (InAs) quantum well, a
supercurrents flow in the absence of any dc Josephs
effect, and at twice the usual frequency. This remarkab
behavior is a dynamical NEQ effect in which the time
dependence of the difference in the phasesf of the two
superconducting order parameters drives the electro
states in the normal metal out of equilibrium, revealin
the phase coherent transport hidden by thermal smeari
The signature of this effect is a half-integer Shapiro ste
which persists to temperatures well above the temperat
at which both the critical currentIc and the integer
Shapiro step disappear. These results agree qualitativ
with theories [5,6] of dynamical NEQ. Additionally, a
quantitative NEQ model demonstrates that the half-integ
step and a conductance enhancement around zero-volt
bias [5–7] are different aspects of the same phenomen

The devices we study consist of two superconductin
Nb electrodes resting directly on top of the InAs laye
and coupled by a full AlSb-InAs-AlSb quantum well.
Details of the quantum wells are published elsewhe
[8]. The unprocessed2DEG had an elastic scattering
length l ­ 4 mm and Fermi velocityyF ­ 106 mys.
InAs does not form a Schottky barrier with most metal
enhancing the probability of Andreev reflection [9]. Al
of the data shown come from a single device with
width perpendicular to the current flow of100 mm, and
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electrode separationL ­ 1.2 mm, but other coprocessed
devices show the same behavior [10].

The current-voltage characteristic (CVC) of this single
junction showsIc ­ 75 mA at 1.4 K, butIcsT d is expo-
nentially suppressed with increasingT (Fig. 1). A fit to
the clean limit [11] form,IcsT d ~ T1y2 exps22pkTyEcd,
where h̄yFy2pk ø l, L gives the Thouless energy
as Ec ­ h̄ytd ­ 350 meV, where td ­ 1.8 ps is the
transit time of an electron across the junction. Ca
culating tdyFyL ­ 1.5 indicates that, in contrast to
previous studies of dynamical NEQ in dirty, diffusive
systems [3,4], these devices are clean and quasiballis
L ø l [12]. The differential resistancedVydI shows
subgap structure (SGS) [Fig. 1(c)], the hallmark o
multiple Andreev reflections, and is consistent with
a superconductor-semiconductor interface that is ve
transparent to electrons [13]. From these dc data, t

FIG. 1. (a) CVC at 1.4 K and RSJ model fit.RN ­ 0.43 V
and Ic ­ 75 mA. (b) Ic versus T smd. The line is a
fit to IcsT d ~ T 1y2 exps22pkTyEcd, Ecyk ­ s4.1 6 0.1d K.
(c) dVydI versusVdc at 1.4 K. Arrows indicate SGS at2Dyen
for n ­ 2, 3, 4 and 2Dye ­ 3 mV, where2D is the full BCS
gap in Nb.
© 1999 The American Physical Society 1265
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resistively shunted junction (RSJ) model [14] would
appearto provide an adequate description of the junctio
dynamics in a range of dc voltage biasVdc , 200 mV
[Fig. 1(a)], cf. [3].

We probe ac currents at thenth harmonic of the
Josephson frequency,2neVdcyh, by irradiating the junc-
tion with microwaves at a nearby frequencyn and looking
for phase-locking effects, called fractional Shapiro ste
(integer steps occur whenn or a harmonic ofn, resonates
with 2eVdcyh). The measuredVdc, for a given dc cur-
rent biasIdc changes by an amountDV when a small mi-
crowave current biasIac is applied. The maximum value
of DV is RdLIac in the absence of noise, whereRd is
the differential resistance atVdc ­ hny2en, the location
of the Shapiro step, andL is the dimensionless magnitude
of the step. We focus on the regime of weak microwav
current drive, where the steps are broadened by noise.
the limit IacL ø IG ,

DV ­ 2
L2

2
Rd

µ
Idc 2 I0

sIdc 2 I0d2 1 sIGd2

∂
I2

ac , (1)

where IG ­ 2pekTN sRdyRN dyh̄ defines the noise tem-
peratureTN , andI0 is the value ofIdc at the center of the
Shapiro step. In the RSJ modelL ­ Icy2I0, but Eq. (1)
with different expressions forL is expected to hold in
other models as well [15].

The response of the junction to pulsed microwave i
radiation, measured with lock-in techniques, is show
in Figs. 2 and 3. The sample was enclosed in a s
perconducting can pierced by measurement wires and
coaxial cable with an open termination inside the ca
Measurable coupling of microwaves to the device o

FIG. 2. (a) NormalizedDV versusVdc for T ­ 2.8, 3.3, 3.8.
4.3, 4.8, 5.4, 5.9, 6.4, 6.9, and 7.4 K. (b)L1 s≤d andL1y2 smd,
versusT . Line: MT 1y2 expf22pTys4.1 Kdg scaled byM to
fit L1, excluding two lowestT points. For linearity in power,
the microwave power is reduced 10 times for the lowest tw
T points.
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curred only near resonant frequencies of the resulting
crowave cavity. We assume ac current bias conditio
becauseRd at T . 2 K is 100 times less than either th
cable or free space impedance. The microwave powe
kept low enough thatDV is linear in power,assuring that
the microwaves only probe existing supercurrents.The
measurement wires are low pass filtered both at ro
temperature and the sample temperature.

Figure 2(a) shows a family ofDV versusVdc curves
at fixed frequency but differentT . Fluctuations in the
microwave power are removed by normalizingDV to a
reference detector signal. Clearly, the integer steps h
a much strongerT dependence than the half-integer ste
The product of the step width (difference inIdc for the
peak and dip of the step) and the step height (differe
in DV for the peak and dip) is proportional toRdL2sIacd2

from which we calculateLIac. BecauseIac remains
unknown, we plotL in arbitrary units [Fig. 2(b)]. The
integer step magnitudeL1sT d has the same exponentialT
dependence asIcsT d, at least whereIdc . 2Ic [Fig. 2(b)].
This is consistent with RSJ model [15]. The much weak
T dependence of the half steps is not contained within
RSJ model, even if generalized to include a nonsinuso
current-phase relationship. In the RSJ model, any
Josephson effect requiresIc . 0 [14,15]. In contrast,
we observe no vestige ofIc above 5.8 K but resolve
the half-integer Shapiro step up to 8.4 K, within 300 m
of the transition temperature of the Nb electrodes, wh
2pkT ­ 13Ec.

The integer and half-integer Shapiro steps have v
different n dependences. Figure 3 shows a series

FIG. 3. DV versus Vdc for n ­ 5.4, 7.4, 10.2, 12.9, 15.8,
and 18.1 GHz. Each curve is normalized to its own maximu
value and shifted byn in GHz. Dotted lines are the ac
Josephson relationn ­ 2eVdcyh and twice that valuen ­
4eVdcyh. A background signal causes the apparent deviat
of small steps from the ac Josephson relation (see inset). In
UnnormalizedDV at 7.4 GHz versusIdcs3d and fit to Eq. (1)
plus quadratic background (line).
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irradiated response curves at 4.2 K but differentn’s.
BecauseIac is not constant between curves, each cur
in Fig. 3 represents only the relative magnitude of th
integer and half-integer Shapiro steps at a givenn;
however the half-integer steps cannot be seen bel
5 GHz while the integer steps are not detectable abo
15 GHz. The integer steps shrink with increasingn

sVdcd, consistent with the RSJ model [15], while the ha
steps grow.

To extract the magnitude of the half-integer stepsL1y2
from these data requires knowledge ofIac. Because the
behavior of the integer steps is consistent with the R
model, we assume that their magnitude is given by t
RSJ model and use them to calibrateIac. Fitting Eq. (1)
to the data in Fig. 3, but plotted versusIdc, we find
RdL2sIacd2 for both the integer and half-integer step
(Fig. 3 inset). AssumingL1 ­ Icy2I0, and measuringRd

and Ic ­ 1.7 mA from dc data, we extractIac and solve
for L1y2. The data are linear inn sVdcd, with a slope of
s1.8 6 0.2d 3 1023 GHz21 [Fig. 4(a)].

In qualitative agreement with the half steps that we o
serve, theories of NEQ superconductivity in both the ba
listic and diffusive limits predict NEQ ac supercurrent
that flow at multiples of the ac Josephson frequency, gro
with increasingVdc, and are only algebraically suppresse
with T in contrast to the equilibrium supercurrents whic
are exponentially suppressed [5,6]. Accompanying the
NEQ ac supercurrents is an enhancement of the dev
conductance aroundVdc ­ 0 [5–7] which we also ob-
serve (Fig. 4).

These qualitative features may be understood in ter
of simple physical arguments. Equilibrium supercurren

FIG. 4. dVydI at 4.2 K versusIdc (m and solid line) and
the NEQ theory fit (dashed line). Data points suppressed
central region. Abscissa extended to500 mA (Vdc ø 200 mV )
to show convergence of fit to data whereRN ­ dVydI. Insets:
(a) L1y2 measured at 4.2 Ks≤d and predicted by the NEQ
model (line). (b) dVydI on a largerIdc scale, boxed area
shows region of main figure.
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are suppressed exponentially whenkT ¿ Ec, because the
population of initially phase coherent quasiparticles has
energy distribution in the normal metal a fewkT wide.
Their ensemble phase coherence is lost in a character
time h̄ykT while a typical quasiparticle requires̄hyEc ­
td to cross the junction. This thermal smearing may
overcome by introducing NEQ structure in the electr
distribution function with a characteristic energy sca
Ec [7].

NEQ populations in the normal metal arise becau
the energyEn sE2nd of the nth quasiparticle state, or
Andreev bound (AB) state, above (below) the Ferm
energy,EF ; 0, is a periodic function off, with typical
amplitudeEc or less [5,16,17]. The ac Josephson relatio
dfydt ­ 2eVyh̄, implies Ensfd and its equilibrium
Fermi-Dirac populationfeqsEnd oscillate in time at a
frequency 2eVdcyh̄. A relaxation-time approximation,
dfydt ­ 2s1ytEd sf 2 feqd, models the instantaneou
occupationf lagging feq by the energy relaxation-time
tE . For Vdc , h̄y2tEe, the deviation from equilibrium
and any NEQ supercurrents grows with increasingVdc
[5,7,18] [Fig. 4(a)].

The phase dependence of the spectrum of AB sta
has structure on energy scales comparable toEc. In
particular, the AB spectrum has anEc width “energy
gap” aboutEF when f ­ 0 which closes whenf ­ p

[5,7,16,17]. This imposes features on the instantane
deviation from equilibriumfsEnd 2 feqsEnd which are
about Ec wide; therefore the ensemble phase cohere
for this NEQ portion of the AB state population wil
decay with the characteristic timēhyEc ­ td and the
NEQ supercurrent will not be exponentially suppress
with increasingT [5–7].

The NEQ supercurrent will have an explicitT depen-
dence through the amplitude offeqfEnsfdg. WhenkT ¿
Ec, thenfeq ø 1y2 2 Ensfdy4kT and, whenkT ø Ec,
then feq ø expf2EnsfdykTg implying the feqsfd are
maximally modulated whenkT ø Ec and have a1yT
suppression at highT . The half-integer steps we measu
are suppressed at both low and high temperatures wi
maximum around 4 K [Fig. 2(b)] which is consistent wit
our estimate ofEc ­ 4.1 K, though the analysis ignore
the implicit T dependence intE and the complication of
large equilibrium supercurrents at lowT .

The supercurrent carried by a single AB state
s2eyh̄d sdEnydfdf [5,16] which can be argued by equa
ing the energy spent by an external sourceIVdt to the
energy stored in the AB statesSndEnfsEnd. Explic-
itly separating equilibrium and NEQ components a
suppressing then dependence off andfeq, the total su-
percurrentIs is s2eyh̄dSnsdEnydfd ffeq 1 sf 2 feqdg.
The NEQ term is a product of the twof-periodic factors,
dEnydf andsf 2 feqd, generating strongly2f-periodic
ac supercurrents which flow at twice the ac Josephson
quency and can be detected as half-integer Shapiro st
For Vdc ø h̄y2tEe, sf 2 feqd ~ sdEnydfd sdfydtd
1267
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which produces a significant dc component in the NE
part ofIs, observed as a conductance enhancement aro
Vdc ­ 0 (Fig. 4) [3,5,7]. The equilibrium term will also
generate fractional steps but they will be exponential
suppressed both atT ¿ Ec, due to thermal smearing, and
at T ø Ec, through theT dependence offeq. This may
account for the small1y3 step that we resolve between
2.3 and 3.8 K [Fig. 2(a)].

Because our junction is neither in an ideal diffusiv
nor ideal ballistic limit, the spectrum of AB states
in our junction will differ from those calculated in
Refs. [5,16,17]. As suggested in Ref. [5], we may us
an RSJ-like model and general properties of AB states
quantitatively predict the half-integer Shapiro steps fro
the zero-bias conductance enhancement. We takeEn ­
An cosf 1 Bn for eachn, with E2n ­ En [5,6,17], and
ignore higher harmonics off for simplicity, even though
they could model the very weak1y4 step visible in
Fig. 2(a). In the highT limit, kT ¿ Ec, all states with
an appreciableAn have feq ø 1y2 2 Eny4kT [5,17],
and thereforef ø 1y2 2 sAnF 1 Bndy4kT , whereF is
defined bydFydt ­ s1ytEd scosf 2 Fd. Our RSJ-like
NEQ model becomes

df

dt
­

2eRN

h̄
sI 2 Isd ;

Is ­ 22INEQ sinfscosf 2 Fd ,
(2)

where INEQ ­ seyh̄dSnsAnd2y4kT is treated as an ad-
ditional phenomenological parameter because we ha
no experimental access to the individualAn, and RN

is the resistance in the absence of coherent effects.
order to accurately trackf, a low voltage limit,eVdc ø
sEch̄ytEd1y2, is implicit in such a model [5].

The NEQ model can be integrated numerically to giv
L1y2snd and thedVydI. We compareL1y2snd observed
to L1y2snd predicted by the NEQ model, with the mode
parametersRN , INEQ, andtE , extracted from thedVydI.
The theoreticaldVydI which shows enhanced conduc
tance at zero biasG0 ­ GN 1 s2eyh̄dINEQ, whereGN ­
1yRN [5], cf. [3,6,7], can be fit to the data at 4.2 K. The
data points within5 mA of zero bias are ignored as they
are influenced by the vestigialIc (Fig. 4). We fit the
data only in the region ofjVdcj , 50 mV because the
theory is valid foreVdc ø sEch̄ytEd1y2 ø 150 meV [5].
From this fit,tE ­ 10 ps andINEQ ­ 17 mA. Because
of the close correspondence between the CVC and
RSJ model [Fig. 1(a)] over a range ofjVdcj , 200 mV ,
we chooseRN ­ 0.411 V, the differential resistance at
Vdc ­ 200 mV , below the onset of a feature in thedVydI
centered atjVdcj ø Ecye (Fig. 4).

With these parameters, we integrate the NEQ mod
with a weak applied ac current generating Shapiro ste
and determiningL1y2snd theoretically. In the region stud-
ied, it is linear with a slopes2.2 6 0.2d 3 1023 GHz21.
The good agreement with the measurement is sho
[Fig. 4(a)]. We also resolve four SGS peaks [Fig. 1(c)
1268
Q
und

ly

e

e
to

m

ve

In

e

l

-

the

el
ps

wn
],

providing the estimatetE ø 4td ­ 7 ps [19], in reason-
able agreement with the model. This good agreeme
does not preclude additional effects that might simply b
absorbed into the model’s phenomenological paramete

In summary, we have observed that, in clean mes
scopic SNS junctions, an ac supercurrent persi
when Ic ­ 0. This ac supercurrent flows at twice th
Josephson frequency, and is in qualitative agreement w
NEQ theories. A NEQ model, with parameters extracte
from the zero-bias conductance enhancement, corre
predicts the magnitude of the NEQ ac supercurrent.
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