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ac Josephson effects in NinAs/Nb junctions with integrated resonators
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Investigations of the ac Josephson effect in iNb/pe InAs/Nb junctions are presented. Two distinguished
features of these devices are an integrated resonator formed by the overlap of two Nb electrodes with an
intermediate anodic oxide and their high characteristic volthgeg of about 1 mV. Under radio-frequency
irradiation, we observe Shapiro steps whose widths follow Bessel functions for high irradiated power. Because
of the integrated resonator, self-resonances of the ac Josephson effect can be studied in the current-voltage
characteristics. Using a modified resistively shunted junction model which accounts for the presence of the
resonator and a nonuniform lateral current distribution, we can describe the magnetic-field dependence of the
resonance amplitude. A resonance is also observed when the Josephson frequency is exactly half the lowest
resonance frequency, which is beyond the simple model. A possible explanation is provided by a nonsinusoidal
current-phase relation established under nonequilibrium conditions.
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[. INTRODUCTION considered. In our device we have to take into account that
the current is concentrated only at one edge of the resonator.
The experimental and theoretical study of the ac JosephMoreover, we have found that the current is inhomoge-
son effect in weak links has attracted much interest in recerfteously distributed across the junction width in our junc-
years'? One experimental goal is to use the junctions agions. Both nonuniformities are contained in our modification
local oscillators in the GHz range. Some autfarse long  Of the Kulik model. It is well known that inhomogeneities of
Josephson junctions, so-called flux-flow oscillators, whoséhe current distribution result in a finite resonance amplitude
current-voltage characteristics are determined by vortegven at zero applied magnetic fiéftf,>whereas a finite field
motion*® The most common approach is to build arrays ofiS necessary to excite the resonances in the homogeneous
junctions to reach high power levels of the emitted radiationcase:*® In addition to the peaks at Josephson frequencies
A severe problem of this approach is that the junctions havéorresponding to cavity resonances, for the first time we ob-
to radiate phase coherently. The higiRy product§ of the — Serve a peak at half the lowest resonance frequency in such
critical currentl; and the normal resistand®, in our junc-  Junctions.
tions of about 1 mV correspond to an estimated power level This paper is organized as follows. In Sec. Il we describe
on the order of JuW. This encourages us to investigate their the preparation of our devices and experimental details of the
potential as single-junction sources for the investigation ofneasurements. The magnetic-field dependence of the ampli-
other mesoscopic devicé$, thus avoiding the coherence tude of the Fiske resonances is described in an adopted re-
prob]em' The reason for the hlgERN product is the absence SiStiVEly shunted jUnCtiO(lRSJ model evaluated in Sec. Ill.
of a Schottky barrier between the contacpetfype InAs and This model takes into account the integrated resonator and is

the superconducting metal Nb as well as nearly matchedalid for arbitrary current distributions. In Sec. IV we study
Fermi velocities, which results in highly transmissive the power dependence of the widths of the Shapiro steps and

interface< compare the measured amplitudes of the Fiske resonances

The radio-frequenchf) radiation from the ac Josephson with the ones of the RSJ model. A rather gOOd agreement for
effect at finite voltages between the superconducting eleche integer resonances is achieved. Additionally, we discuss
trodes is emitted into the resonator formed by the overlap of Possible extension of the model to explain the observed
two Nb electrodes with an anodic oxide as a dielectric. Sharjalf-integer resonance.
structures are observed in the derivatives of the current-
voltage characteristics at vo{tages where the Josephson fre- Il. EXPERIMENTAL DETAILS
guency corresponds to a cavity resonance. Weak links usally
do not form resonators, however, for weak links resonances A schematic view of our junctions is depicted in Figa)l
are observed in point contatior microbridge%1 when they  The(100-oriented InAs wafers are Zn doped with a concen-
are connected to an external cavity. A theory for these sotration of about % 10'" cm™3. Mechanical and chemical
called Fiske stepéor self-resonances has been developed byolishing is important to achieve a surface smoothness in the
Kulik.'® Eck, Scalapino, and Taylor report on a resonance imm range, which is necessary for high-quality interfaces be-
the current-voltage characteristic when the phase velocity asween InAs and Nb. After the definition of the resist mask of
sociated with the current-density distribution matches théhe lower Nb electrode by conventional photolithography,
phase velocity of the electromagnetic fielddn both refer-  the first Nb film with thicknes$=90 nm is magnetron sput-
ences, a homogeneous current distribution over the wholeered in an Ar plasma at a pressure of #0mbar. Two
two-dimensional area of a Josephson tunnel junction waseparatén situ cleaning steps prior to the electrode deposi-
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(a) IIl. RSJ MODEL WITH RESONATORS

Josephson junctions are often described by the resistively
shunted junction modét The total dc current at a finite
voltage is given by the sum of the time-averaged ac Joseph-
- 5 son current and the quasiparticle current through a resistor.
————i—;w _____ 1 - o y In thg voltage bias case the tir_ne averaged ac Josephson cur-

- Zx rent is zero. In the current bias case or if any frequency
dependent elements are present the situation is different.

inversion
layer

[ IrtypeinAs [ ] Nb NboOs Hence, we assume a nonzero but small time-averaged ac
Josephson currenit, with |1 <l.. A corresponding RSJ
(b) model was first considered by Ford@rHere, we apply his

results to our specific junction geometry. In Figbllthe
equivalent electric circuit is depicted. In contrast to Forder,
we have to take into account the geometry of the junction to
deal with its interaction with the spatially extended eigen-
, modes of the resonatét.As it is clear from Fig. 1a) the
X =0 L Josephson current flows only at one end of the resonator.
This is different from the rigorously studied case of junctions
FIG. 1. (@ Schematic view of the Nip-type INA2DES/Nb  where the two-dimensional junction area itself forms the
junction. The resonator is built by the overlap of lengthnd width resonator. Consequently, we use a one-dimensional current
w of the two Nb electrodes with the anodic oxide X3 in be-  densityJ over the widthw of the junction. According to our
tween. (b) Equivalent electronic circuit for the junction in our assumption, we are close to the voltage bias case, where the
adopted RSJ model. The cross denotes the Josephson junction, %Hase difference across the Josephson junction varies as
the resistor stands for the quasiparticle current. The resonator '&(y,t)zij—w/Z— ky.22 The Josephson frequency,

deled b LC network. o . .
modeled by an Lt hewor =(2e/h)V is given by the dc bias voltagé across the junc-
tion. They dependence results from a vertically applied mag-
tion are important to clean the target and to remove oxidegetic field producing a flux® through the junction;k
from the InAs surface, respectively. The electrode patterning= 2 7®/(dyw) with the magnetic flux quantur®,=h/2e.

is completed by a lift-off process. After this lift-off step the 14 4ccount for the finite time averaggof the ac Josephson
Nb electrode is anodically oxidized at one éfidhe oxide current, we allow for a small phase perturbatign(y,t)

thicknessa=10 nm defines the channel length and is con-—|m[ o, (y)expwt)], |$1|<|4|. It corresponds to a voltage

trolled during the anodization by the applied yoltage, 1 Vperturbationvl(y,t)=(h/2e) $1(y,t). Thus, beside the un-
corresponding to 2 nm NO;. Hence, with this method o rhed supercurrent densily,=J, sin¢ with vanishing

channel lengths in the nanometer range are easily achieveﬁime average we find a current compondgt=J.¢; oS¢

. . INT] . C
Alter the_oxu_jatlon process the OX|d|z_ed InAs is femo"?‘?‘ byyielding the desired finite time average of the supercurrent
wet etching in a 1:1 K50, :H,0 solution in order to facili- density

tate a good contact between the two-dimensional electron
system(2DES in the inversion layer on the InAs and the
second Nb electrode. This electrode is defined and deposited - = . .

in the same way as described above. The two Nb electrodes Js=Ja=—3J(y)Im[iei(y)exp(iky)]. 1)
are insulated by the intermediate anodic oXdeverlapping
along a lengthL~3 um. The junction widthsw in the
samples presented here are 10 angud We have studied
additional junctions with widths up to 92m which all show
gualitatively the same behavior. All geometrical quantities

We want to consider junctions with a position-dependent
critical current, i.e., a nonhomogeneous current distribution
over the junction widttw. Therefore, we replacet] by J(y)

. - in Eqg. (1). The electromagnetic field excited by the Joseph-
Zigmriﬁﬁgrg?%;gggg&%ﬁ.{fﬁﬁgggCrOSCO@EM) and son radiation within 'the resonator leads to a modulation of
The measurements are performed .in a liquid-helium cry-the phas_e perturbatlom(x,y,t_) over t_he \_thle resonator

rea, which has to be determined to find its influence on the

ostat at temperatures down to 1.5 K. Leads are filtered a . . _ . )
room temperature with commercially available fed-through .osephson junction at=0 [see Fig. ib)]. The wave equa

capacitors. All measurements are done in a four-probe setup
under current bias conditions. In measurements with rf irra-
diation (v=15 GH2 a cryoperm tube is used for sample

shielding and the wave is guided to the sample through a ‘92¢1+‘92¢1_i Phr o Iy —0 @
coaxial brass waveguide terminated by an antenna. The dif- ax%  ay?  c'?\ at? €€y ot

ferential resistance is measured by standard lock-in tech-

nigues with a modulating current of 4A at a frequency of

300 Hz. for ¢,'® has to be solved with the boundary conditions
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where §,,,, is the Kronecker symbol. For a given current

ddy J(y) 1 9¢y A il )
— =——coq wt—Kky)+— —— , distributionJ(y) along the junction width, we can calculate
IX g 9 yc' Il o from Eq.(7) the amplitude variation of each resonance when
the strength of the applied magnetic field changes. Note that
dp1 _ddy B it only depends on the “transverse” indexbecause of the
oy |y =0, one-dimensional nature of our junction model.
y=0 y=w
Iy IV. EXPERIMENTAL RESULTS: SHAPIRO STEPS
(9_X =0. 3 AND FISKE RESONANCES
x=L

N Under external rf irradiation a Josephson junction shows
These boundary conditions express the fact that the curreseps in the resistive branch of its current-voltage character-
flows out of the resonator at=0, where the JUnCt|0n IS |St|C These Shapiro Steﬁsappear When the Josephson fre-
located. In Eqs(2) and(3), we have introduced the dielectric gyencyw; equals an integer multiple of the irradiated fre-
constant ¢, of the oxide, the phase velocityc"  quencyw,. In Fig. 2a) current-voltage characteristics are
=[a/(¢d)]"c in the resonatof! where c denotes the shown for different rf power as well as without irradiation,
speed of light,y=r/(uoedc’) the ratio of the specific resis- and in Fig. Zb) a current-voltage characteristic and its de-
tancer of the junction and the wave impedanzg=uodc’  rivative are depicted. Obviously, the Shapiro steps appear at
of the resonator, and,=[(2e/%)uod] *. The lengthd=a  yoltagesV, = = n- (2e/#) w, which correspond to the irradi-
+2\ cothf/A) denotes the “magnetic thickness” of the ated frequency of 15 GHz and their widths modulate with the
resonatof’ determined by the oxide thicknessthe thick-  f power. Thel Ry product of 640uV is smaller than our
nesst of the superconducting films, and the penetration deptihest values that exceed 1 mV. The reason is the relatively
\. The conductivityo=Q ™" represents losses in the dielec- |arge oxide thicknesa=120 nm of this particular junction
tric, andQ is the quality factor of the resonator. Employing that already approaches the coherence length of the
the ansatz semiconductorand thus leads to a weaker coupling between
the two superconductors. The excess current of this sample
lexc= 162 nA exceeds its critical currentt,=80 uA by a
<p1(X,y)=r]§=:0 ancod k[ Xx—L])cosnmy/w) (4 facior of 2. This ratio is typical for our junctions. Distinct
steps are observed in the direct and even more clearly in the
we can solve the differential equation. By inserting it into differential characteristic at voltages which correspond to the
Eq. (1), the dc component of the supercurrent irradiated frequency of 15 GHz. In Fig(Q the critical cur-
rentl. and the widths of the first four steps are shown as a
— w . . function of the irradiated rf power. As expected from stan-
ls=~ fjo Jy)Imliey(0y)expliky)]dy, dard theory® the step widths and the critical current modu-
late with the rf power. We plot the step widths against the
1 1 square root of the nominally irradiated power since the rf

©

B yC'W Fﬁ(k)
20;0 1=0 2= 0n0 | 1+i(yc'lw)k,tan k,L)

current cannot be measured directly. The solid lines are the
expected Bessel functiong, of ordern, which for high rf
(5) currents fit the measured data very well. Our junctions are
: B 2 a1/ R current biased because the impedance of the electronical en-
is found, wherec, = (1— (wres/ @)"—i/Q) ™ w/C". This €~ \irgnment is much larger than the one of the junction. De-

pression describes a series of peaklike contributions 10 thgyite this fact, the step widths follow the well-known relation
current at voltages when the Josephson frequengy

= (2el#)V corresponds to one of the cavity resonances \
Al=I c’ jn V_ (8)
dc
n? m?
wes=7C \[—+ = (6)  of the voltage bias casé.Here, we have the ac voltagé;
w

over the contact and the dc voltage positig of the step.

with n andm being integers. The magnetic-field dependence':or the calculations in Fig.(2) we have used the relation

's given by Al =Ky Tk i) )
F2(k)=B2(k)+ C2(k), The currenti is taken as the square root of the irradiated
power andk, , are fit parameters. The fits of all steps in Fig.
2= 8,0 (W 2(c) are done with one set of parametkfs. Comparison of
Ba(k)=—0~ fo J(y)cogky)cognmy/w)dy, Egs. (8) and (9) yields a constank,=24.7 uA which is

much smaller than the critical current=80 uA in the ab-
sence of rf radiation. A possible explanation of this differ-
’OIWJ(y)sin(ky)cos{nwy/W)dy 7) ence could be the fact that our junctions are current biased.
0 ' For tunnel junctions very successful models exist that de-

2-6,
Cn(k)=
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applied magnetic field. The step amplitude is the difference between
respective maximum and minimum.
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rf current (arb. units) the longitudinal resonances occur at higher voltages and we
measure only transversaim&0) Fiske resonances in this

FIG. 2. (a) Direct current-voltage characteristics for different rf sample. In junctions with longer overlap we observe also
powers. Traces from right to left are measured without rf, 0'165'I0ngitudinal M+0) and mixed +#0, n+0) resonances
0.182, 0.198, 0.216, and 0.233 mW, respectively. The curves for r\f/vith voltage positions again given by E6). We find that
powers larger than 0.182 mW are successively shifted b9 uA. g4 - (6) holds for all our junctions with different overlap
(b) Direct and differential current-voltage characteristic at 1.7 Klengths L, widths w, and channel Iengtha.23’29 From the

and nominal power 0.165 m\Wc) Step width of the critical current . . _ _
and of the first four Shapiro steps as a function of the rf current. Thedlmensmng‘ =3 pm andw=20 um of the resonator of the

curves are successively offset by 3. The solid lines describe sample in Figs. @ and 3b) we find for the lowest reso-

corresponding Bessel functions. The upper voltage axis is divided!a"c€ frequencyn=1, m=0) ws=1.76 GHz correspond-
by the voltageVy. ;= (26/#) w=31 uV. ing to a voltage 0.57 mV. Here, the oxide thickness 10

nm and the thickness of the Nb electrodes90 nm are

scribe the current bias ca8e?® For weak links with a finite  taken from AFM images. For the penetration depthalues
normal conductivity the situation becomes more complicatedetween\ =86 nm (Ref. 30 and A =122 nm(Ref. 31 are
because nonequilibrium effects appear as discussed belof@und in the literature. The actual magnitude depends on the
Another reason for the observed deviation might be the presscattering length in the Nb electrodes. We use a value
ence of an excess current in our junctions. =90 nm in the calculation of the resonance frequeneigs

In Fig. 3(a) the negative branches of the direct and differ-The resonance at the voltage 0.26 mV corresponds to
ential current-voltage characteristic of a junction with a=1/2 and will be discussed further at the end of this section.
width w=20 um are shown. The three sharp structures afNote that even when the uncertainties of all geometrical
voltages 0.26, 0.56, and 0.96 mV are Fiske- or self-quantities are accounted for, the lowest observed resonance
resonances. These resonances occur when the Josephson &0.26 mV cannot be related to an index 1. From the
guencyw; is equal to one of the frequencias,s of Eq. (6) experimental traces of the differential resistance we evaluate
which describes longitudinal and transversal resonances asstep amplitude by inverting the differential characteristic
well as mixed modes. Because the overlap is just3 um,  around the resonance and integrating it over the voltage. Be-
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FIG. 4. Magnetic-field dependence of the step amplitude of the
n=1/2 (dashed linfandn=1 (solid line) Fiske resonance. The
=1 resonance exhibits twice the period of the 1/2 resonance.
The magnetic field is applied parallel to the current direction.

o

normalized
current density

normalized
junction width

fore the integration we subtract a polynomial of second order FIG. 5. () Fraunhofer pattern at 2.2 K with the magnetic field
to take into account the background which results from theapplied parallel to the junction in current direction. The dots are
additional conductivity due to multiple Andreev measured data. The solid line is calculated after Baréted. 18
reflection®2*3 The resulting curves for the=1/2 resonance With the current distribution shown itb). (c) SEM picture of the
are shown in Fig. ®) for different strengths of the magnetic _overlap of the two Nb electrodes motivating the current distribution
field applied in parallel to the current flow. This is the most"" (®).

stable configuration against magnetic-flux penetration. Th(ﬁzz resonance and have compared it with the measured

model of Sec. Il is valid as long as the applied magneticyaia The agreement is as good as for the Fraunhofer pattern
field yields a phase modulation along the junction width, i.€.,5nq then=1 resonance.

the magnetic field must be applied perpendicular to it. As depicted in Fig. 4 we measure a half integer self-

The step amplitude of a Fiske resonance is taken as th@sonance corresponding the= 1/2. Other authors also have
difference between maximum and minimum in the numeri-opserved half-integer effects by using an external irradiation
cally reconstructed current-voltage characteristic. As exmethod®* The appearance of the=1/2 resonance cannot
pected, the step amplitude modulates with the strength of thge explained in the RSJ approach of Sec. lll. In fact, it is
applied magnetic field. The step amplitudes for tire1/2  well known that weak links can show considerable devia-
andn=1 resonance versus the magnetic-field strength artions from the RSJ modét. A possible explanation might be
shown in Fig. 4. We find that the=1 resonance has twice a strong deviation of the phase dependence of the critical
the period in a magnetic field compared to the resonanceurrent from sinp behavior in the nonequilibrium staté/(
tentatively labeled asa=1/2. The period of then=1 reso-

nance of about 1.5 mT is equal to the one of the correspond-
ing Fraunhofer pattern. From E({) we expect a vanishing
step amplitude aB=0 for a homogeneous current distribu-
tion across the junction width, contrary to our observation.

14
12

magnetic field (mT)
-2 0 2 4 6

However, if we assume that the current is inhomogeneously
distributed as shown in Fig.(B), the magnetic-field depen-
dence of the step amplitude obtained from Ef).fits quali-
tatively well with the experimental dat@ee dashed line in
Fig. 6). Obviously, the homogeneous distributisee dotted
line in Fig. 6 yields a much worse fit. With the same current
distribution, we also can reproduce quite well the magnetic-
field dependence of the critical current as shown in Fig.
5(a).18 A direct calculation of the current distribution from
the measured Fraunhofer pattern is not possible due to the g 6. Magnetic-flux dependence of the first integer Fiske reso-
not single-valued phase informatihThe assumed current nance 6=1) at 2.2 K with the magnetic field applied parallel to the
distribution is motivated by the SEM image in Figich It junction. The dashed curve is the magnetic-field dependence of the
shows the overlap of the two Nb electrodes. The white restep amplitude=3(k) of our adopted RSJ model with the current
gions are bent Nb edges providing a weaker coupling andistribution of Fig. %b). It agrees much better with the measured
therefore a reduced current density compared to the othefata than the amplitude?(k) calculated with a uniform current
regions. We have also calculated the step amplitude for theistribution (dotted line.

step amplitude (pA)

o N A O
T
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#0) of these junctions. The appearance of nonsinusoidal
current-phase relations in such Josephson junctions due to i
nonequilibrium is in fact a research field of topical
interes>3” For example the authors of Ref. 35 explain the mﬂ
appearance of a half-integer Shapiro step by the existence of
nonequilibrium, which is described by a theory of
Argaman’® Here, as well as in other publications, e.g., of
Octavio, Skopcol, and Tinkhaii,nonequilibrium effects are
observable depending on the ratio of the relaxation time of
the quasiparticles and the time of a Josephson oscillation. If
we assume such a strong component proportional to g)n(2 o
and write J;=J, sin ¢+J,sin(24), we obtain a set of two -200
coupled differential equations in the approach of Sec. lIl. voltage (V)
This cannot be solved easily, but it is clear that it will result
in the appearance of a resonance peakaiv.s, Where the ' '

o)

normalized voltage V/Vy

differential resistance (Q)
(wrl) uaLno

—_
A=

resonance frequeney,.sis obtained fom=1/2 from Eq.(6). g KR

Moreover, this resonance will have half the period of the g 6 7]
=1 resonance in an external magnetic field as it is observed g™ 1

experimentally in Fig. 4. The existence of a sigjZurrent o 4r n=t 7
component also leads to half-integer Shapiro steps. Indeed =

we observe half-integer Shapiro steps up to the omler g 2 Bty
=7/2 along with a half-integer Fiske resonance correspond- =

ing ton=1/2 in Fig. 7. On the other hand, a si@R2com- 0 ! !

ponent of the critical current of considerable strength is not -1.0 0.5 0.0 0.5 1.0
resolved in our measurement of the magnetic-field depen- voltage (mV)

dence of the critical current. This is consistent with the fact . . ) . N

that only at finite voltages nonequilibrium effects are 'C: 7- (@ Direct (dashed ling and differential (solid line

expected® The appearance of nonequilibrium depends orCU/fent-voltage characteristic of another sample of width;20

the relation between the time of a Josephson oscillation anﬁlnde'r 'rrad_'atlon of rf{14.4 GH3. Half"m?ger Shapiro steps up to
e ordem=7/2 are observedb) Differential current-voltage char-

the char%gcterlstlc _relaxatlon timee. In the theof}’ _Of acteristic of the sample in the absence of irradiation with a half-
Argamari” the maximum voltage for which nonequilibrium integer Fiske resonanae=1/2. The magnetic field is applied per-

effects should occur can be estimated \By:o= ﬁ/(ZeTG:). pendicular to the current flow.
Here, 7, can be estimatéd from the number of multiple o _
Andreev reflections times the transit timg of an electron irradiated power roughly as expected for the voltage bias
through the barrier. This transit time depends on the Thoucase. Due to the integrated resonator our junctions show

less energyEr,=7#/74.2° We obtainVygo= 360 1V for our Fiske resonances. Their voltage positions and their magnetic-
samples. In fact, for a wider junction of width=91 um we field dependencies can be understood in a modified RSJ
observe a Fiske, resonance corresponding=®/2 at a volt- model, which takes into account the integrated resonator and

age V=236 uV. Clearly, further research is necessary to'S valid for arbitrary current distributions along the channel

achieve a better understanding of the nature of the hah‘c—)f the 2DES. In addition, we have observed a resonance

integer resonances in the ballistic regime of weak links. whose vqltage position _corresponds ne-1/2, i.e., a reso-.
nance with half the period compared to the corresponding

Fraunhofer pattern. This behavior can be explained by add-
V. CONCLUSIONS ing a sin(2) term in the first Josephson equation to account

We have prepared Npftype InAs (2DES/Nb junctions for the presence of a nonequilibrium situation.
with an integrated microwave resonator. This resonator
makes the junctions especially interesting for investigations
of the ac Josephson effect in weak links on semiconductors. We thank the Deutsche Forschungsgemeinschaft for fi-
Under irradiation we observe Shapiro steps in the currentnancial support via the Sonderforschungsbereich 508
voltage characteristics. The step width modulates with th¢ Quantenmaterialien.”
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