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We report on spatially resolved measurements of dynamic states of Josephson tunnel junctions in an
external magnetic field. Using low-temperature scanning electron microscopy we imaged the beam-
induced change of the maximum Fiske-step currents and the voltage change of current-biased step states.
The excitation of one- and two-dimensional self-resonant cavity modes is clearly visible with a spatial
resolution of about 3 um. We used a 50X 50 um? Nb/Al,0;/Nb tunnel junction representing a junction
of intermediate size. Our experimental results agree well with a qualitative model for the signal genera-
tion based on the global change of the junction quality factor Q due to the local electron-beam irradia-
tion. In addition, we present results of a calculation based on the perturbed sine-Gordon equation that
takes into account the suppression of the critical current density in the area of the electron beam irradia-

tion.

I. INTRODUCTION

Recently, low-temperature scanning electron micros-
copy (LTSEM) as a combination of a standard SEM
equipment and a liquid-He-cooled cryostage has been
used to investigate various low-temperature phenomena!’
such as superconductivity, ballistic phonon propaga-
tion,>® or dissipative structures in semiconductors.*>
Especially for superconducting thin films and Josephson
tunnel junctions LTSEM is a powerful tool to obtain
two-dimensional images showing different physical prop-
erties of the samples.® Another important application of
LTSEM is the characterization of high-T~ superconduct-
ing thin films at the microscopic level. Here, it is possible
to obtain information about the spatial homogeneity of
the critical current density and the resistive transition.”$

In the last years two different measuring techniques
(voltage image, current image) were developed to get a
deeper insight into the behavior of Josephson junctions.
For the voltage image the junction is current biased while
the electron beam is scanned across the junction area and
the beam-induced voltage change AV of the whole junc-
tion due to the local irradiation is detected. Using the
voltage imaging technique, LTSEM shows the spatial dis-
tribution of the quasiparticle current density’ as well as
that of the energy gap.! The current imaging method
uses, for example, the beam-induced change of the max-
imum zero-voltage current AI™** as a function of the
beam position (x,,y,) on the junction surface. With this
technique it is possible to image the spatial distribution of
the Josephson pair-current density,'! ~!® static Josephson
vortices or trapped magnetic flux quanta.!*!> The spa-
tially resolved measurements contain detailed informa-
tion not provided by the current-voltage-characteristic
(IVC) measurements alone where only time- and space-
integrated current and voltage signals are obtained.
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Experimental data on spatially resolved measurements
of dynamic modes in Josephson tunnel junctions have
been given by Meepagala et al.'®'7 They used a laser
scanning technique to investigate the zero-field current
steps at finite voltages in one-dimensional junctions.
However, their spatial resolution is limited by the diame-
ter of the focused laser beam which is typically in the
range of 40 um. Therefore the resolution is at least 1 or-
der of magnitude lower than for LTSEM.

In this paper we report on the application of the two
LTSEM measuring techniques described above to the
well-known Fiske steps.!®!° In the presence of an exter-
nal magnetic field parallel to the junction barrier, Fiske
steps occur in the IVC at finite voltages. In contrast to
previous LTSEM experiments, we study the dynamic be-
havior of Josephson tunnel junctions (see also Ref. 20).
In small junctions these dc-current steps in the IVC can
be explained by the resonant excitation of the junction
cavity modes,?"?? where the corresponding ac current in-
teracts with the ac-Josephson current. The cavity is
formed by the junction electrodes and the insulating bar-
rier.

For a rectangular two-dimensional junction with
length L and width W the resonance voltage V,,., is
given by?
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The integers m,n characterize the Fiske mode, h is
Planck’s constant, ¢ the Swihart velocity,24 and e the ele-
mentary charge.

For magnetic fields H=H,e,(H=H e/, respectively)
parallel to the junction edge only one-dimensional cavity
modes with corresponding voltages V,,.o(Vy,, ) are excit-

ed. Two-dimensional excitations are generated for arbi-
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trary orientations of the magnetic field within the barrier
plane.

With our measurement techniques we are able to
confirm directly the theoretical assumption of cavity
modes in a tunnel junction of intermediate size. In addi-
tion to one-dimensional modes clearly displayed in the
LTSEM images, the two-dimensional excitations are also
shown. Beyond the results presented in this paper, there
is no basic difficulty to extend the developed model and
measurement techniques to any junction geometry of in-
terest as long as the junction is not large compared to the
Josephson penetration depth A;.

This paper is divided into six sections. In Sec. II we
describe the experimental configuration and in Sec. III we
present a qualitative model to understand the different
signals of the whole junction due to the local electron-
beam irradiation. The experimental results are shown
and discussed in Sec. IV. Furthermore, we discuss in Sec.
V numerical simulations for the one-dimensional case
within the perturbed sine-Gordon model as a starting
point for the quantitative explanation of our observa-
tions. In Sec. VI we summarize our conclusions.

II. EXPERIMENTAL SETUP

The principle of the LTSEM experiments and the
orientation of the sample are shown in Fig. 1. In our ex-
periments the silicon substrate with the Josephson tunnel
junction was mounted on a single-crystalline sapphire
disk using high-thermal-conductivity glue. The special
cryostage described in Ref. 25 allows us to scan the sam-
ple surface with the electron beam of a conventional SEM
while the back side of the sapphire disk is in direct con-
tact with liquid helium. A sufficiently homogeneous
magnetic field parallel to the junction barrier is generated
by two crossed pairs of superconducting coils inside the
liquid helium tank of the cryostage. For values of the
magnetic field up to 10 mT perpendicular to the electron
beam we observed only a constant shift of the electron
beam but no overall reduction of the LTSEM resolution.

electron beam

deflection

ey

FIG. 1. Schematic principle of the LTSEM experiments and
orientation of the tunnel junction.
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In contrast to the usual SEM, the LTSEM resolution is
given by the thermally disturbed area. The electron-
beam irradiation of superconducting niobium or lead
thin-film samples results in a local heating effect.?%?’ The
thermally perturbed area is determined by the thermal
healing length 7

172

«D | 2)
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where « and D are the heat conductivity and the thick-
ness of the irradiated film, respectively. The heat-transfer
coefficient a;, describes the thermal flux flowing from the
thin film into the substrate. We note that for our experi-
mental conditions (acceleration voltage 25 kV, beam
current 1071210719 A) both electrodes of the junction
are uniformly perturbed along the z direction and 7 is
about three times larger than the best spatial resolution
of the various imaging techniques. Typically the spatial
resolution of LTSEM measurements on Josephson junc-
tions is about 1 um. In the voltage-imaging technique the
junction is biased at a fixed current I for the Fiske step
of interest. The value and direction of the external mag-
netic field are chosen to get the most stable conditions for
the investigated state of the junction. In order to obtain
a better signal-to-noise ratio, the electron beam is periodi-
cally modulated by a beam-blanking unit (20 kHz) and
the corresponding voltage change AV, (typically
1078-107% V) is detected phase sensitively by a lock-in
amplifier. For the current images we detect the electron-
beam-induced change of the maximum Fiske-step current
AIZ*. The corresponding magnetic field was chosen to
get the maximum step height in the IVC. The experi-
mental setup for the current images is described in detail
in Ref. 12.

III. QUALITATIVE MODEL FOR THE
LTSEM SIGNAL

In this section we present a qualitative model which ex-
plains the signal generation for the two imaging tech-
niques without using numerical simulations. The model
is based on the change of the junction quality factor due
to the local electron beam heating.

We are looking at small rectangular Josephson tunnel
junctions with length L and width W both smaller than
2mA;, where A; is the Josephson penetration depth given
by A,=(#/2eduyj,)"’* (4o is the permeability,
d=2A;+b, A, is the London penetration depth,
#i=h /2w, b is the barrier thickness, and j, is the average
critical current density). Including the bias current den-
sity j we obtain the basic equation for the junction phase
difference @(x,y,t) (Ref. 28)

3 3 2 2 2
B : 2T ; 2 L 2 +_a—2_a—2
dtdx ordy ax ay ot
v P(x,p,t)= f (x,y)singp(x,y,t)+vy ,

(3)
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with the boundary conditions

9¢ —9%9
Z0y=3Ewy=k,
3 3 4)
L8 (x,00=F (x,w)=—k, ,
dy dy
and with k, =H*/(A;j,) and k,=H;*/(A;j,). Equa-

tions (3) and (4) are written in normalized units. The spa-
tial coordinates are normalized to the Josephson penetra-
tion depth A; whereas the time is measured in units of the
inverse plasma frequency g !, which is given by
wo=[2ej, /(#C,)]'"?, where C, is the capacitance per
unit area, ] =L /A; and w =W /A; denote the normal-
ized length and width of the junction, respectively.
f(x,y) represents the spatial distribution of the normal-
ized critical current and is equal to unity in a homogene-
ous junction. In the following we also use the magnetic
field h=H/(A;j,) in normalized units and the bias
current y =j/j;.

In Eq. (3) two loss terms are included. Surface losses
due to the flow of normal conducting electrons within the
superconducting electrodes are described in the 8 term
on the left. We also take into account losses caused by
the tunneling of normal conducting electrons (a term).
Therefore the total quality factor is given by
Q! “Qs_1 + Qq where Q. ! describes the surface losses
and Qq the quasiparticle tunneling losses, respectively.
We neglect contributions such as dielectric, radiation, or
geometrical losses discussed in Ref. 29.

For solving Eq. (3) we neglect the influence of the bias
current ¥ and use the following ansatz which fulfills the
boundary conditions (4):

plx,p, )=t —k,y +k,x +¢,,, . (5)

According to our experimental conditions where the
junction is biased nearly at resonance we set the angular
frequency w~w,,., and we assume that only one cavity
mode of frequency o,,.,, with the wave vector
(k,;kn;0)=(nw/l;mm/w;0) is significantly excited.

Therefore 1,,,., can be written as®®

Yy .n(X,¥,t)=a cos(k,x )cos(k,,y )sin(w,,,,t +0) . (6)

This ansatz implies that the junction is acting like an
open-ended cavity where the electric (magnetic) field
caused by 1,,., has antinodes (nodes) at the junction
corners.

Next we discuss the influence of the local electron
beam induced heating upon the Fiske mode. For simpli-
city we look at a normalized area of dimension
62=4172/)L} and of square shape uniformly perturbed by
the electron beam. The local temperature increase causes
a local increase of the quasiparticle density in the per-
turbed area and therefore a change in both contributions

J

xote/2 yotes2
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AP, (x0,90)=A3j3 [
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0,0, to the junction quality.

First, we deal with the change of O, due to the local ir-
radiation. Following Ref. 29, Q, is proportional to the
total tunneling conductance o, of quasiparticles. o, in-
creases by the amount Ao, which is in general a function
of the coordinates of the beam focus (xy,y,) and of the
electron beam parameters (beam power, €%). Neglecting
effects due to the finite size of the perturbed area at the
junction boundaries, Ao, is independent of the beam po-
sition across the junction surface if the tunneling conduc-
tivity is homogeneous. Therefore, the beam-induced
change AQ, is assumed to be independent of the beam
position (xg,y,) on the junction.

Second we discuss the relation between Q; and the
beam position. @, is determined by the time-averaged
energy stored in the cavity divided by the surface power
losses P,;. Using classical electrodynamics P, can be cal-
culated to be

lef f dx dy R;InXh¥%r)|?, (N

where R, is the real part of the surface impedance
Z ,=R,+ix,, h¥(r) is the normalized time independent
part of the magnetic field caused by ¥,,.,, and n is a unit
vector perpendicular to the junction surface. At this
point we have to mention that the temporal resolution of
LTSEM is determined by thermal processes with relaxa-
tion times of typically 1077 s (Ref. 26) and, therefore, is
some orders of magnitude less than the period of the
standing wave for our junctions (see also Sec. IV). In this
sense we can use the time-averaged equation (7) and deal
only with time-averaged signals in our model.

In the case of the extreme London limit we can ap-
proximate R to be

Rsz%(ﬁ),uo)l/z 1/03/2 (8)

with the surface conductivity o,=o, —io,, and
o, >>0,; where the supercurrents dominate the normal
currents.’! Within the two-fluid model o, is proportion-
al to the density of the normal conducting electrons and
the temperature dependence of R (T) can be calculated
phenomenologically?!

(T/Tc)*
n [1_(T/TC)4]3/2 ’

R(T)= —;—,u(z)ifcozas 9

where o, denotes the surface conductivity just above the
transition temperature T of the junction electrodes and
A is the ac-magnetic penetration depth at zero tempera-
ture.

A temperature increase AT in the irradiated area
causes an increase AR of R, and therefore a change of
the total surface losses AP of the junction cavity

dx dy ARg[(h¥(x,9))+(h¥(x,))] (10)

~(aej A3 ARg[ k2 sin®(k,x)cos¥ k,,po)+ k2 cos?(k,xq)sin(k,,p0)] - (11)
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For this we used Eq. (6) and V¢y=h¥Xe, to calculate the
magnetic field h¥(r). We obtained Eq. (11) with the ap-
proximation k,€ and k,, € <<1 supposing that the irradi-
ated area is small compared to the wavelength of the
standing wave. The time-averaged energy stored in the
cavity is determined by the surface inductance ), de-
pending on o,. Therefore this energy is nearly tempera-
ture independent.®

Combining both loss mechanisms in the case of weak
electron-beam perturbation the change of the junction Q
is expected to be

AQ =c,+c,(k2sin*(k,xq)cos*(k,,pq)
+k2 cos®(k,xq)sin®(k,, o)) . (12)

The constants ¢; and ¢, correspond to AQ, (independent)
and AQ, (dependent on the beam position), respectively.

For obtaining voltage images of a Fiske mode, the tun-
nel junction is current biased on a given Fiske step (m ;n)
at voltage V,,.,. Irradiating the junction with the elec-
tron beam results in a beam-induced voltage shift AV, . ,.

First, for simplicity we assume a linear relationship be-
tween AQ and the detected voltage change AV,,.,. This
assumption is based on the model for low-Q junctions
developed by Kulik,?! where the IVC’s have Lorentzian
shape near the resonance voltage. A decrease of the qual-
ity factor causes first a broadening and second a shift of
the Lorentzian shape to lower voltages. Corresponding
to our experimental conditions where less than 3% of the
whole junction area are effectively perturbed by the elec-
tron beam, this linear behavior appears well justified.
Therefore, using the voltage-imaging technique the
detected signals AV should satisfy Eq. (12).

For the current-imaging technique the electron beam
induced change of the maximum Fiske-step current
AL is detected. The relation between the signal A%
and the change of the junction quality Q can be explained
for the one-dimensional case by the function

e (@), I55X(Q), respectively. The general shape of this
function is described in Refs. 33 and 34. The sign of
AL depends on the value of the quality factor for the
investigated state. For values of Q higher (lower) than
Qax> Which corresponds to the maximum step height,
the electron beam induced decrease of Q can cause an in-
crease (decrease) of I,7%,. The maximum relative change
|AIN2 /12| in our experiments was less than 5%.
Therefore we also expect AL < |AQ| due to the weak
influence of the electron beam. So, at least for the one-
dimensional case the shape of the expected signals in the
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current-technique is also given by Eq. (12). However the
sign of A%} can change from one state to the other.

IV. EXPERIMENTAL RESULTS

The Nb/Al,O;/Nb tunnel junctions have been fabri-
cated at the Electrotechnical Laboratory (Tsukuba,
Japan). A detailed description of the fabrication process
together with more information about the geometry can
be found in Ref. 35. We checked the homogeneity of the
junction using LTSEM and observing the distribution of
the energy gap and the tunneling conductivity. In all
cases no relative inhomogeneity larger than 5% was ob-
served over the whole tunneling area of 50X50 um?
within the spatial resolution of the LTSEM (3 um). The
critical current density was j, =245 A/cm? By means of
the Fraunhofer diffraction pattern we determined the
London penetration depth of the Nb-electrodes as
A; =88 nm and the Josephson penetration depth as
A;=24.4 um. So the junction is of intermediate size
(L/Aj=W/A;=2.0). As we expected from the nearly
symmetrical Fraunhofer diffraction pattern, we observed
only a slight deviation from a homogeneous Josephson
current distribution in the LTSEM images due to self-
field effects. All experiments were carried out in the
LTSEM metal cryostage at a bath temperature of 2.8 K.

A. One-dimensional modes

For each direction of the magnetic field parallel to one
junction edge, e.g., H=H,e,, all steps up to the eighth
were clearly visible in the IVC displayed on an oscillo-
scope. We obtained a slight difference of about 5% be-
tween the resonance voltages for the different field orien-
tations, e.g., ¥,0=200 uV and ¥V, =210 uV, which can
be explained by the geometry of the wiring connecting
the Nb top electrode. Using V,; we determined the ca-
pacitance per unit area C,=4.3 uF/cm? and
€/¢=0.033. This corresponds to a frequency of the
standing wave of 99.1 GHz. Figure 2 shows voltage im-
ages of the Fiske modes n =1-6. The magnetic field is
oriented in the e, direction and therefore perpendicular
to the scan direction of the electron beam. The corre-
sponding experimental parameters are listed in Table 1.
The deviation of the measured Vy,, from the values nV,,
in Table I reflects the frequency dependence of A .3

The basic results of the voltage images of the one-
dimensional Fiske modes are the following.

(1) AV,,., is always negative for the used values of the
bias current I.

TABLE 1. Experimental parameters for the voltage images shown in Fig. 2 for the different Fiske

steps.

Step order n 1 2 3 4 5 6
Resonant voltage Vy,, nv 210 410 605 795 960 1140
Magnetic field k, Ajji 2.8 —4.4 5.3 7.2 8.5 10.5
Maximum step current mA 1.0 1.3 1.5 1.1 0.8 0.7
Bias current Iy mA 0.6 0.6 1.0 0.6 0.6 0.6
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FIG. 2. Y-modulation voltage images of the Fiske modes (0;n) with n =1-6. For all images the magnetic field is parallel to e,.
(a)—~(f) correspond to n =1-6. The experimental parameters are listed in Table I. The arrows mark the junction boundaries.

(2) A change in the sign of I results in a change in
sign of AV,,. .

(3) The modulation of the detected signal is always per-
pendicular to the applied magnetic field and axially
symmetrical to the middle of the junction. Taking im-
ages with applied fields parallel to the scan direction, the
voltage change AV, ., is constant over the whole tunnel-
ing area along each line scan.

(4) For different current feedings to the junction of
nearly cross-type geometry the LTSEM images did not
change significantly. Also no qualitative change is seen,
if the magnetic field direction is reversed. This behavior
is expected in the model for junctions of this size.

All our basic results follow directly from the Q-factor
model described in Sec. III. Analyzing the experimental
data of Fig. 2 we obtain also some semiquantitative re-
sults. For increasing the bias current Iy on a step the
maximum amplitude of AV decreases. This effect is a
direct consequence of the imaging technique and not
correlated to the fundamental physics where for increas-
ing Iz an increase of the amplitude of the standing wave
excitation a is expected. The decreasing stability of the
Fiske state with increasing step current determined the
values of the possible bias currents I in our experiment.
In most cases it was not possible to chose Iz higher than
about half the maximum step current.

Furthermore, holding the beam parameters and Iy

constant, the maximum electron-beam induced signal AV
increases with the step order, e.g., from 150 nV for the
first up to 1.5 uV for the sixth step at a fixed value
I,=0.5 mA.

Figure 3 shows the comparison between our model and
the experimental results. For this we recorded a single
line scan across the middle of the junction and plotted
—AVy,,(xg, W/2). In contrast to Eq. (12) now we take
into account the nonvanishing diameter of the area per-
turbed by the electron beam. The calculation was done
for a one-dimensional geometry of a single line scan. The
finite spatial resolution of the imaging technique was tak-
en into account by a constant temperature rise across the
length €. We estimate € to be 0.32 and integrate Eq. (10)
analytically. For fitting the calculated line scans to the
experimental data we determined the constants ¢, and c,.
Presumably, the difference between the calculated curves
and the experimental data, especially at the junction
boundaries can be explained by a more realistic tempera-
ture profile. In addition, the spatial extension of the per-
turbed area perpendicular to the scan direction has to be
taken into account.

Using the current imaging technique, in principle we
obtained the same results. In Fig. 4 the third and fourth
steps are shown. With this method we were able to
display even the seventh Fiske step. Hence, we conclude
that the spatial resolution is definitely better than 3 pum.
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FIG. 3. Comparison of the experimental data (solid lines)
and the calculated signal (dashed lines) using the Q-factor model
for (a) the (0;2) and (b) the (0;3) modes. The arrows mark the
junction edges.

We could not observe steps higher in order than n =7,
because those steps were unstable during the irradiation.

Only for the first and second steps the irradiation of
the junction results in an increase of the maximum step
height. This behavior is expected from the approxima-
tion of Q for the different steps together with the funda-
mental function I55*(Q) of Ref. 33 which passes through
its maximum if we change from the second to the third
step. From all these results we see that our model pro-
vides a good qualitative understanding of the observed
signals.

B. Two-dimensional modes

We have obtained cavity mode excitation for magnetic
fields oriented nearly diagonally across the junction bar-
rier. In this case two-dimensional cavity modes are excit-
ed. We have observed steps in the IVC corresponding to
the modes (n;m)=(1;1), (1;2) or (2;1), (2;3) or (3;2), and
(3;3). Figure 5(a) shows the (1;1) mode in the voltage im-
aging technique whereas the signal calculated from our
model is displayed in Fig. 5(b). The excitation of two-
dimensional modes is clearly observed in qualitative
agreement with the calculation. Using LTSEM one is
able to distinguish between, e.g., the (2;1) and (1;2) mode
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FIG. 4. One-dimensional Fiske modes in the current-imaging
technique. The magnetic field is parallel to e,. (a) Brightness
modulation image of the third Fiske mode with I3 =1.5 mA.
(b) Y-modulation picture for the fourth step with I§3* =1.0 mA.
For both images the maximum relative depression |AI3* /12|
due to the electron beam irradiation is less than 5%.

directly which is not possible for a square junction by
means of the IVC alone.

V. NUMERICAL SIMULATIONS: THE CHANGE
OF THE CRITICAL CURRENT DENSITY

In order to provide some qualitative support we per-
formed the numerical simulations in explaining our ex-
periments. In this section we study the signal generation
model which is to some extent alternative to those one
described in the previous section. Let us suppose, that
the only factor which is responsible for the electron beam
induced change of the IVC of the Josephson junction is
the local variation of the superconducting critical current
density j;. Due to the local heating of the junction elec-
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FIG. 5. (a) Y-modulation voltage image of the two-

dimensional (1;1) mode with V;; =310 uV. The magnetic field
is oriented nearly diagonally from the lower left to the upper
right corner of the junction. (b) Calculated signal for the (1;1)
mode using Eq. (12). For better visibility the junction is rotated
about 45° relative to (a) and only the spatially modulated part of
the signal is shown.

trodes produced by the electron beam, the j, value must
be suppressed in this area. We use a quasi-one-
dimensional version of Eq. (3) with ¢ depending only on
the spatial coordinate x. This approximation is good
enough for the case H*=0. For the sake of simplicity
we use the explicit numerical algorithm?® and do not take
the B dissipative term into account. In the experiment
the area of the junction which is irradiated by the elec-
tron beam may be considered as a local “microresistor.”
In numerical calculations we approximate such an inho-
mogeneity by the function®

2(x —xq)
flx)=1—e l—tanhz% ) (13)

where x is the position of the electron beam in the junc-
tion, €>0. Equation (3) was solved numerically with the
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boundary conditions (4) and k, =0.

We studied the junction with the normalized junction
length /=2.0 and the dissipation coefficient «=0.1. In
the numerical data presented below the averaged dimen-
sionless voltage u ~ (8¢ /d7) is given in normalized units
which are usually used in fluxon-dynamics calculations.
The voltage of the first Fiske step is corresponding in
these units to # =0.5. The details about the initial condi-
tions and numerical algorithm of IVC calculations may
be found elsewhere.’” Figure 6 shows the numerically
calculated IVC of the homogeneous junction with
f(x)=1 at the magnetic field k,=3.7. This value of the
magnetic field has been chosen according to the typical
experimental conditions during our measurements. In
Fig. 6 one can clearly see a set of Fiske steps up to n =3.

In order to study numerically the influence of the elec-
tron beam on the voltage of the particular Fiske step (i.e.,
to simulate the voltage-imaging technique), we have cal-
culated the change of the voltage of the step at a certain
bias current value as a function of the inhomogeneity po-
sition x,. The “strength” of the inhomogeneity we used
was determined by €=0.5, which corresponds to a
reasonable size of the Josephson junction area influenced
by the electron beam in our experiment.

Figure 7 shows a typical profile of f (x) we used in nu-
merical simulations according to the formula (13) for the
inhomogeneity placed inside the junction at the point
xo=1.4.

The numerically calculated voltage images we obtained
for the first three Fiske steps are presented in Fig. 8. The
negative change of the voltage of each step —Au is given
in percents relative to the undisturbed voltage value u
without the inhomogeneity in the junction. The inhomo-
geneity (13) was placed in the area outside the Josephson
junction at x,= —1.0 and then scanned across the whole
junction to x,=3.0.

The first feature which is common for all of the steps
shown in Fig. 8 is that the average voltage u is increasing
when the inhomogeneity is placed inside the Josephson
junction (—Au <0, i.e., Au >0). In contrary, in the real

v o] FS1

FIG. 6. Numerically calculated IVC of the Josephson junc-
tion without the local inhomogeneity [i.e., f(x)=1] in the mag-
netic field k, =3.7 (other parameters are in text).
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FIG. 7. The profile of the normalized superconducting criti-
cal current density f(x) used in numerical simulations for the
inhomogeneity placed in the junction at x =x,=1.4.

physical experiment the voltage of the steps is decreasing
and AV <0. Here, it is important to emphasize that in
this section we consider a kind of alternative model for
the signal generation to those described in Sec. III, which
is not including any change of dissipation in the Joseph-
son junction when the electron beam is placed inside it.
In fact, the local heating produced by the electron beam
is always increasing the real part of the impedance of the
Josephson junction and gives rise to the broadening of
the Lorentzian-shape resonance (see Sec. III), i.e., to the
decreasing of the step voltage. The model we consider
here is taking into account only the local variation of the
critical current density in the junction, which may
influence the shape of the standing electromagnetic wave
of the Fiske resonance.’® So, for the comparison of the
numerically simulated voltage images with the experi-
ment one should look at the spatial dependence of the
voltage response as long as the inhomogeneity is inside
the Josephson junction, assuming that the spatially in-
dependent voltage decrease observed in the experiment is
due to the dissipation which is not included in the present
numerical model.

Comparing the curves in Figs. 8(a)-8(c) one can see the
different number of maxima inside the junction, depend-
ing on the number of the Fiske step. This behavior
shown by numerical simulations is in good agreement
with the experimental results presented in Sec. IV. The
number of the signal maxima is equal to the number of
the Fiske step n. The relative amplitude of the spatially
dependent voltage variation is about few percent, which
is also in agreement with the experiment. The increase of
the signal near the junction boundaries seen in the nu-
merical simulations is due to the fact that the spatially in-
dependent step voltage response is negative and the step
voltage increases when the beam is taken away from the
junction. The noiselike oscillations seen in Fig. 8(c) are
the artifact of the numerical voltage averaging algorithm.

A small asymmetry of Au with respect to the middle of
the junction is a nonlinear effect of the junction of the in-
termediate length (/ =2.0) and it reverses with the revers-
ing of the field k, or the current y. This asymmetry is
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FIG. 8. The change of the averaged voltage — Au of the junc-
tion biased at the different Fiske steps (FS) as a function of the
position of the inhomogeneity x,: (a) FS1, ¥y =0.25; (b) FS2,
v =0.50; (c) FS3, y =0.50.

rather small and has not been seen in the real experiment.
We have also checked the field-value dependence of the
— Au /u curves and found it not to be very sensitive.

In summary, in this section we have investigated a nu-
merical model for the signal generation taking into ac-
count only the spatial variation of the critical current
density due to the electron beam irradiation. The spatial-
ly dependent response of the Fiske step voltages we ob-
served is in agreement with the experimental results.
Hence, the simple dissipative mechanism of the signal
generation in our experiment is not the only one, which
should be taken into account in order to build the quanti-
tative model for the voltage images of the Fiske steps pro-
duced by the electron beam scanning technique.

VI. CONCLUSIONS

We have used low-temperature scanning electron mi-
croscopy (LTSEM) to investigate dynamic states of
Josephson tunnel junctions in an external magnetic field.
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LTSEM is a powerful tool to obtain spatially resolved in-
formation about the complex behavior of a tunnel junc-
tion biased at a Fiske step. The electron beam power was
reduced so far that the electron beam acts like a passive
probe without destroying the dynamic state of the non-
linear system. The achieved spatial resolution is about 3
pm or better. A two-dimensional Nb/Al,0;/Nb tunnel
junction (50X50 um?) shows clearly one- or two-
dimensional mode excitations depending on the orienta-
tion of the external magnetic field. We observed only
one-dimensional Fiske modes if the magnetic field was
parallel to one edge of the junction. Two-dimensional
modes were observed for diagonal field orientation. For a
square tunnel junction of intermediate size (relative
length and width L /A;=W /A;=2.0) the excitation of
the junction cavity modes is clearly visible. Hence, the
physical origin of the investigated Fiske steps in the IVC
is the interaction between the ac-Josephson current and
the standing waves formed by the junction cavity. For
the interpretation of the LTSEM signal we have
developed a qualitative model based on the beam-induced
change of the quality factor of the junction resonator.
Furthermore, we performed numerical simulations based
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on the perturbed sine-Gordon equation. For this we in-
cluded only the local suppression of the critical current
density. In order to describe properly the voltage images
and the current images observed in the experiment, one
should take into account both the dissipation and the
critical current density perturbation generated by the
electron beam in the Josephson junction. The spatially
resolved measurements together with our models for the
signal generation confirm earlier theoretical work on
Josephson tunnel junctions of intermediate size, dealing
with cavity mode excitations for the one-dimensional and
the two-dimensional case.
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FIG. 4. One-dimensional Fiske modes in the current-imaging
technique. The magnetic field is parallel to e,. (a) Brightness
modulation image of the third Fiske mode with I§3" =1.5 mA.
(b) Y-modulation picture for the fourth step with I55* =1.0 mA.
For both images the maximum relative depression |AIJ3 /153

due to the electron beam irradiation is less than 5%.



