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Observation of a two-mode resonant state in a Bi,Sr,CaCu,0s,; mesa device for terahertz emission
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Using low-temperature scanning laser microscopy (LTSLM), we have studied the cavity resonance behavior
of a rectangular Bi,Sr,CaCu,0Os,s mesa THz device containing N = 640 stacked intrinsic Josephson junctions.
Our results show that this microscopy technique is an effective means of mapping electromagnetic resonances
in this type of device, and we present a detailed analysis of the mechanisms underlying contrast formation in
scanning laser microscopy. The LTSLM images reveal that the THz excitation of the stacked junctions contains
more than one mode with components along both the long and short axes of the mesa. Thermoluminescent
mapping of the same device shows that the mesa temperature is uniform demonstrating that the features seen in
LTSLM are electromagnetic in origin, not thermal. Our results also imply that for the purposes of maximizing
the THz emission power from Bi,Sr,CaCu,0g.5 mesas, it is important to design devices that are capable of

being excited in a single, purely transverse mode.
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I. INTRODUCTION

Stacked intrinsic Josephson junctions (IJJs) in ex-
tremely anisotropic high-temperature superconductors such as
Bi,;Sr,CaCu; 0345 (Bi-2212) provide a promising basis for de-
velopment of highly compact sources of coherent radiation in
the so-called terahertz gap range, [1]. This region of the elec-
tromagnetic spectrum spans approximately 0.5 to 1.5 THz,
and is poorly served by existing solid-state sources, despite
being of interest for many applications in science, medicine,
security and defense, and high-bandwidth communications
technology [2—4].

Stacked 1JJ THz sources operate by DC-to-AC conversion
of electrical energy via the AC Josephson effect, whereby a
Josephson junction generates an AC current with frequency
fi = Vbc/®Po, where Vpc is the junction DC bias voltage,
and @ is the flux quantum. Generation of far-field radiation
requires efficient phase-synchronization of the junctions in the
stack, and a number of mechanisms for achieving this have
been explored since the discovery of the intrinsic Josephson
effect in Bi-2212 [5]. The highest power levels observed have
been generated using devices in which the stack is microfab-
ricated in the shape of a resonant cavity that is electromagnet-
ically coupled to the individual IJJs [1,6,7]. The cavity-mode
frequencies are determined by the spectrum of Josephson
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plasma waves propagating inside a layered superconductor [8]
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where ¢y is the speed of light in free space, ¢, is the c-axis
far-infrared relative dielectric constant of Bi-2212, and A,y is
its ab-plane magnetic penetration depth (which depends on
temperature). The first term, the Josephson plasma frequency
wpo, 1s suppressed in the resistive state. The cavity modes
have a transverse magnetic structure with the magnetic field
aligned parallel to the CuO; planes yielding linearly polarized
emitted radiation [7]. The cavity may thus synchronize the
IJJs when the stack is biased such that the Josephson fre-
quency matches a resonance mode [6,7]. Through refinement
of this approach, THz emission power levels of up to 0.61 mW
[9] and frequencies of up to 2.4 THz [10,11] have been
obtained. THz emission has been observed resulting from
the cavity modes of round, triangular, [12,13] and pentagonal
mesas [14]. However, recently circular polarization has been
observed from square mesas with two chamfered corners [15]
and from round mesas with broken symmetry [16] indicating
more complicated mode structures (see below). In a different
approach, Josephson emission at frequencies up to 11 THz has
been achieved from small Bi-2212 mesas with lateral sizes of
less than 10 um as detected by a second mesa placed in the
near-field [17].

For the purposes of maximizing power output, the most
effective shape is a long rectangle. The cavity-mode frequen-
cies are determined by the in-plane mode velocity ¢, which,
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in turn, depends on the c-axis wave vector k,, see Eq. (1).
The latter is set by the vertical periodicity and the boundary
conditions at the top and bottom. For a junction stack with
thickness ¢ containing a large number, N >> 1, of junctions
and for boundary conditions that can be expressed as nodes or
antinodes, we have k, = n /2t withn =0, 1, 2, ..., and the
mode velocity becomes [18,19]
2
2~ “ 0
80[1 + (nn)‘ub/zt) ]

for mode indices n < N/2. Permitted values for n depend
upon the boundary conditions at the top and bottom of the
mesa as described further below. As A,, increases with tem-
perature, the mode velocities for nonzero n decrease with
temperature. A junction stack in the form of a rectangular
box supports Fabry-Perot type resonances that approximately
correspond to integer numbers of half-periods of the c-axis
electric field across the width, w = L,, and length, [ = L,,
of the mesa [12,20], such that the in-plane electromagnetic
wavelengths are given as A, , ~ 2L, ,/m, ,. The frequency of
the (n, my, m_v)lh cavity mode is expressed as

_ Cn [mx\? my\2
fn,mx,mv"’2 <w)+<l) (3)

Starting from the earliest studies of large rectangular Bi-
2212 mesas [7] the frequency of the strongest emission from
any given mesa has been found to scale approximately as 1/w,
indicating that the cavity mode that synchronizes the junctions
and that radiates most efficiently has a transverse component,
and is indeed typically the (n, 1, 0) mode. This is consistent
with the observed (6, ¢) angular distribution of the emitted
THz radiation [21] in which radiation is most strongly emitted
in the direction normal to the long faces of the mesa.

The cavity modes being excited have been probed more
directly by low-temperature scanning laser microscopy (LT-
SLM) [22-26]. In this technique, a focused 680-nm laser
beam is modulated at 9 kHz, and rastered across the surface
of a current-biased device. Any resulting modulation in the
sample voltage can be mapped using a lock-in amplifier,
allowing the geometry of the cavity resonances to be stud-
ied. Both localized hot spots [23—26] and standing-wave-like
features [22-24]—most probably corresponding to a cavity
resonance— have been observed in previous LTSLM studies.
These imaging studies have clearly revealed the longitudi-
nal component of the cavity mode in rectangular mesas. In
contrast, experimental evidence for the transverse mode is
sparse [24]. This contradicts the commonly observed angle
dependence of the THz emission and the approximate 1/w
scaling of the frequency, which indicate that for most mesas,
the cavity modes responsible for THz emission contain a
single half-period across the width of the mesa. This is to say
that they are of the form (n, 1, m,), where m, is most typically
equal to zero [20]. However, in the previous LTLSM work
it was not possible to distinguish various possible phenomena
that are actually being probed, namely electromagnetic modes
or inhomogeneous temperature distributions.

Here, we present LTSLM and thermal imaging results on
the same Bi,Sr,CaCu,0s, mesa with width 60 xm and length
360 pwm containing 640 1JJs, see Fig. 1. The part of the mesa
used in the LTSLM imaging with length 240 um is covered
with a layer of gold with a comparatively small thickness
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FIG. 1. Schematic of the Bi-2212 mesa imaged here and of
possible c-axis mode profiles.

of 30 nm (part I), while the remaining part of the mesa
(part II) is covered with a 500-nm- thick gold contact. Such
nonuniform thickness of the gold contact affects the mode
structure inside the mesa, because the mode velocities are
different in the two parts. As a consequence, the total length
should not fit an integer number of standing-wave periods in
the y direction. Nevertheless, we will preserve the standard
convention, and will keep the mode notation as (n, m,, m,),
where the noninteger index m, is defined as the ratio 2//A,,
and A, is the period of the standing wave in part I of the mesa,
which can be directly accessed by LTSLM imaging.

We found that the mesa emits most strongly at frequency
396 GHz at a bath temperature of 75 K Under these condi-
tions, it generates an LTSLM pattern, which shows roughly
five periods along the total length of the mesa, and one clearly
resolved period across its width. Note that one full period
in the LTSLM pattern corresponds to a half-period of the
cavity electric field, A, ,/2. While this definitively confirms
the existence of the transverse mode component, our LTSLM
results indicate that the nature of the THz excitation of this
mesa must be more complicated than simply a (n, 1, m,) cavity
mode, as the observed mode patterns do not agree with ex-
pectations based on an analysis of the different contributions
to the overall observed LTSLM pattern, the details of which
are presented in the Appendix. The in-plane and out-of-plane
quasiparticle conductivities are perturbed by local heating, as
are the in-plane and out-of-plane supercurrent densities, and
the penetration depth. Our findings are consistent with the
formation of composite modes as have recently been seen in
asymmetric mesas [15,16].

II. RESULTS AND DISCUSSION

The mesa studied in this experiment was fabricated on
the surface of an optimally doped Bi-2212 single crystal
(T = 86.5K) using optical lithography and argon ion milling,
with overall dimensions 60 x 360 x 0.992 um3(w x [ x 1).
The stack contains N = 640 1JJs. The surface of the mesa
was protected from air and water vapor with an evaporated
Au film 30-nm thick. In order for the modulated laser beam
to be able to significantly thermally perturb the Bi-2212, this
Au film must be made comparatively thin. For top electrodes
thicker than about 40 nm, most of the power delivered by the
680-nm laser will be reflected, and there will be very little
resulting modulation in the mesa voltage. Current is supplied
via a sputtered 500-nm Au thin film lead, which only covers
one end of the mesa (see schematics in Fig. 1 and the photo
in Fig. 2). The base crystal underneath the mesa was only
100-nm thick and was mounted on a copper substrate using
tin-lead solder, resulting in very effective heat removal from
the device. In contrast to previous work on Bi-2212 mesas
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FIG. 2. (a) (Main) Resistance versus temperature plotted for the mesa studied in this experiment. Red curve was measured directly with
10 pA bias current, while blue squares for data points below 7, were obtained from the tangent to downward-sweep I-V curves (black line
in inset) as described in Ref. [26]. (Inset) I-V characteristic for mesa at 75 K showing hysteretic switching of 1JJs. THz emission occurs on
downward sweep. (b) Enlargement of region enclosed in dotted red box in (a). Vertical axis shows mesa bias current, while voltage and total
radiated THz power are plotted on horizontal axes. (c) Maps of position-dependent scanning laser signal, showing signed root mean square
(RMS) perturbation to mesa voltages at a range of bias currents, and a bath temperature of 75 K. Red dashed lines show cross sections plotted
in Figs. 3 and 4. (d) Conventional optical image of mesa at top (with 500-nm Au current electrode on right) and direct thermoluminescent

images of mesa under same conditions as measured in (c).

patterned on thick base crystals, self-heating was negligible
in the samples described here under the biasing conditions
needed for THz emission, and LTSLM measurements could
be performed that probed the cavity resonance alone.

When operating the mesa as a THz source, the bias current
is initially swept up until all the IJJs are driven into the
resistive state, after which the current is swept down until
mesa voltages appropriate for THz generation are reached.
Detectable THz emission occurs at a range of cryogenic
bath temperatures spanning from approximately 63 to 77
K. Figure 2(c) shows scanning laser results at Ty, = 75K,
at which temperature THz emission from the device was
maximized. Curves for the mesa voltage and THz emission
signal as a function of bias current are plotted in Fig. 2(b).
The wiggles in the mesa current occurring between 0.55
and 0.60 V mark the excess current that drives the cavity
resonances and the emission.

The scanning laser images clearly reveal a standing wave-
like structure, whose greatest amplitude coincides closely
with conditions for maximum intensity of THz emission.
Indeed, as Fig. 2 shows, the standing wave is only present
when detectable far-field THz radiation is being generated.
The standing wave shows the same qualitative pattern over
the entire range of bath temperatures for which THz emission
occurs. (Images for Ty, = 65 K are plotted in the Appendix).
It should be noted, however, that the THz emission power,
scanning laser images, and thermoluminescent images were
measured in three different cryostats. There could, conse-
quently, be small systematic shifts of the current-voltage
characteristics between these three systems owing to minor
differences in calibrations of the temperature or bias current.
Current-voltage curves measured in these three cryostats are
compared in the Appendix. These show that over the range of
currents at which THz radiation was generated, no systematic
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FIG. 3. (a) Longitudinal cross sections of scanning laser signal
data plotted in Fig. 2(c) along centerline of mesa [red dashed line
in Fig. 2(c)] showing strong positive and negative oscillations at
bias currents for which the mesa’s cavity resonance is excited, and
Toan = 75 K. (b) Equivalent cross sections for thermoluminescent
data, indicating absence of corresponding oscillations in the mesa
temperature itself. Vertical dashed lines show locations of thermal
imaging artifacts due to reflection of light from the sidewalls of
the mesa and its 500-nm-thick Au current electrode. Note that the
temperature rise observed here is not very large compared with
the noise floor of this technique. The steep rise in the temperature
profiles starting near 450 wm is caused by Joule heating in the
contact. At this point the gold film transitions onto an epoxy ramp
leading to contact pads further out. Due to the reduced thermal
conductivity of the epoxy the temperature rises rapidly.

shift of the current-voltage curves between the cryostats could
be observed at a level greater than 100 microamperes.

The longitudinal structure of the wave varies depending
on the bias voltage. The oscillations cannot be observed all
the way to the current-lead end of the mesa, since the thick
Au current lead reflects the laser beam and prevents it from
thermally coupling to the device itself. Nevertheless, vestiges
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FIG. 4. (a) Longitudinal cross sections of scanning laser image
for Than = 75K, I = 15.25mA, taken at increasing distance from
the centerline of the mesa. The amplitude of the oscillations strongly
decreases as the edge of the mesa is approached, indicating that the
cavity mode being excited has a significant transversal component.
(b) Transverse cross sections of the LTSLM image for T, = 75K
taken at increasing bias current. These cross sections were taken
through the minimum of the LTSLM pattern which occurs at x =
130 pm, indicated by the arrow in Fig. 4(a).

of a wave pattern are visible alongside the thick current
contact. In the longitudinal direction and at low bias current
we observe three periods in the LTSLM patterns to the left
of the current contact and two beneath it, while at higher
current there appear four (or more) periods to the left of
the contact whereas the number under the contact does not
seem to change, see also the longitudinal profiles shown in
Fig. 3(a). A maximum of the LTLSM intensity appears to
be pinned to the edge of the current contact. In contrast,
in the transverse direction we consistently observe a single
period (half-wave of the electric field) across the width of the
mesa at all currents (see Fig. 4). This transverse variation,
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FIG. 5. Typical spatial patterns corresponding to the c-axis (o,
and j;) and in-plane response channels for three different modes. We
note that all of these patterns have maxima / minima at the edges of
the sample, in contrast with what we observe experimentally.

which has been expected on the basis of observed emission
characteristics and theoretical models, has nevertheless eluded
thus far a direct detection. Thus, the LTSLM patterns shown
in Fig. 2 on first sight indicate modes of the (n, 1, m,)-type.
The observed patterns are characterized by extrema along the
center line and low amplitude around the perimeter. This is
confirmed by Fig. 4(a), which shows sections of the LTSLM
image at 75 K, 15.25 mA, for which the amplitude of the
oscillations decreases with increasing distance away from the
long axis of the mesa.

These observed patterns do not, however, agree with ex-
pectations. It is possible to theoretically predict the LTSLM
voltage response from a local temperature perturbation, for
a THz device oscillating in steady state with a single cavity
mode being excited. In the Appendix, we consider in detail
the expected LTSLM patterns for perturbations to different
parameters of the material. One can distinguish two basic
types of patterns. The first type is related to the perturba-
tion of the c-axis parameters, namely the Josephson current
density, j;, and c-axis quasiparticle conductivity, o.. In this
case, the response follows the spatial distribution of the os-
cillating z component of the electric field. For example, for
the cavity mode with wave vectors k; = wm;/L; (i = x,y),
the voltage response to a local perturbation at point (xo, yo)
should follow cos?(kxo)cos?(kyyo) for perturbation of o,
and |cos(k,xg)||cos(kyyo)| for perturbation of j;. The second
type of the response pattern is related to the perturbation
of the in-plane parameters, namely the London penetration
depth XA,p, and the ab-plane quasiparticle conductivity, o,p.
In this case the response follows the spatial distribution of
the oscillating in-plane magnetic field and is proportional
to k7sin®(kexo )cos® (kyyo) + kycos® (kuxo)sin® (kyyo). However,
we cannot assign any of these basic patterns to the experi-
mentally observed ones. Since we observe oscillations in both
directions, the only feasible candidate single mode is of type
(n, 1, my). However, neither c-axis nor in-plane responses of
this mode describe the experimental patterns. Indeed, patterns
due to perturbations of out-of-plane material parameters have
maxima of |E,|, which occur around the perimeter of the
cavity. Patterns due to perturbations of in-plane parameters
reflect the distribution of B} + B}, which has exactly the
same oscillation amplitude at the center and along the edges
(see Fig. 5). By contrast, the patterns shown in Fig. 2(c)

consistently have very strong oscillations along the centerline
of the mesa and weakest oscillations along the perimeter. We
observed the same mode structure as shown in Fig. 2 on a
second mesa patterned onto the same base crystal, see Fig. 6.
This second mesa has dimensions of 360 x 50 x 0.79 um?>.
We, therefore, conclude that the observed behavior is intrinsic
to well heat-sunk Bi-2212 resonators and is robust to vari-
ations in device dimensions of up to 20%. Mode patterns
displaying the expected geometry with extrema at the edges
have previously been observed in single Nb junctions [27,28].

A possible interpretation of the observed patterns is based
on the assumption that two cavity modes are being excited
simultaneously, forming a composite mode. Figure 7 com-
pares the experimental LTSLM pattern seen at 15.25 mA
with the function sin’(wx)cos?(my) + cos?(7x) sin’(wy) —
1.2 sin?(7ry), which describes the combination of the two
theoretical in-plane response patterns corresponding to the
cavity modes of (n, 0, m,) and (n, 1, m,) structure. Our
addition of the squares of the mode amplitudes reflects a 7 /2
phase shift between their oscillations. Both modes combine
into a single composite mode as evidenced by a single overall
emission frequency of ~396 GHz at 15.00 mA (see Fig. 8)
even though the two modes would have different center fre-
quencies when excited independently of each other (see be-
low). This interpretation is consistent with results recently ob-
tained by Elarabi et al. [15,16], in which circularly polarized
THz radiation was generated from a square mesa that had
two corners truncated or from a circular mesa with notches,
respectively, in diagonally opposite locations. This introduced
a frequency difference of approximately 5% between the (1,
1) and (1, —1) mode resonances, which could then be excited
simultaneously and a constant 7 /2 phase shift between them,
resulting in circular polarization of the emitted radiation. (The
signs of the indices associated with each mode component
become important when the mesa lacks reflection symmetry
about its centerlines, as is the case in Ref. [15]). These modes
were phase locked via mutual electromagnetic coupling to the
cavity THz resonance associated with the shape of the mesa,
as was theoretically predicted in Ref. [29].

A quantitative analysis of our results according to Egs. (2)
and (3) requires the specification of the boundary conditions
and of the indices n, m,, and m,, and is hampered by the
complicated structure of our sample (see Fig. 1). The nature of
the c-axis modes near the top of the mesa depends on the prop-
erties of the metal contact. Thick, high-conductivity metal
contacts on the mesa induce an antinode in the oscillating
c-axis electric field, while thin contacts, such as used in this
study, have typically low conductivity [30] likely resulting in a
node at the top of the mesa. Due to losses in a thick base crys-
tal, the bottom of the c-axis electric-field mode profile is well
approximated by a node [31]. However, since the base crystal
in our case is only 100-nm thick we approximate the boundary
condition at the bottom of the mesa with the behavior at the
bottom of the sample, i.e., an antinode. Thus, allowed values
of n in the section under the thin Au-contact are 1, 3, ...
while under the thick contact we have 0, 2, ... as depicted in
Fig. 1. We note though that this classification in terms of the
limiting cases, i.e., node or antinode, is approximate, whereas
the true behavior likely falls in between with the thin contact
being closer to a node while the thick contact is closer to
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FIG. 6. (a) I-V characteristic for a second mesa patterned on the same chip as the mesa presented in Fig. 2, at 75 K showing hysteretic
switching of 1JJs. THz emission occurs on downward sweep. (b) Enlargement of region enclosed in dotted red box in (a). Vertical axis shows
mesa bias current, while voltage and total radiated THz power are plotted on horizontal axes. (c) Maps of position-dependent scanning laser
signal, showing signed RMS perturbation to mesa voltages at a range of bias currents, and a bath temperature of 75 K. The signal magnitude
is slightly larger than it is for the data in Fig. 2(c), due to the higher ratio of laser-heated spot volume to mesa volume for this mesa. The top
panel shows an optical image of the mesa (with 500-nm Au current electrode on right).

an antinode. Considering the CuO, planes as equipotentials
across the entire mesa implies that the oscillation frequency
is the same in both sections. A noticeable difference in the
mode velocities in the two parts of the mesa perturbs the
longitudinal mode structure. In addition, as can be seen in
Fig. 7, at the left-hand end of the mesa there is neither a node
nor an antinode. Thus, as mentioned above, the index m, in
Eq. (3) should be understood in our case as the noninteger
ratio 2/ /A, where A, is the longitudinal wavelength imaged
in Figs. 2 and 6.

Anukool et al. [32] have measured A, = 0.47 um for
optimally doped Bi-2212 at 75 K. From the pattern periods,
we evaluate A, /2 ~ 68 um (m, ~ 5.3) and 61 um (m, ~ 5.9)
for bias currents of 15 and 15.75 mA, respectively. Then,
using ¢ = 0.992 um, &, = 16 [33], w =60 um, and n =1,
3 in Eqgs. (2) and (3), we estimate the expected relevant
cavity-mode frequencies for the imaged section at 75 K and

summarize them in Table I. As shown in Fig. 8, we observe a
single instrument-resolution limited emission line at 396 GHz
at a bias current of 15 mA, and at 440 GHz at 15.75 mA, which
is broadly consistent with the excitation of a composite mode
combining the (1, 0, m,) and (3, 1, m,) modes, respectively,
with a 7 /2 phase shift. As the quality factor of the cavity res-
onances is relatively low, modes with rather large frequency

TABLE 1. Estimated cavity-mode frequencies, Eq. (3), for a
mesa of size 60 x 360 x 0.992 um?, &, = 16, Ay, = 0.47 um, and
two measured LTSLM periods, Ay /2, with my, = 21/A,.

Ay/2[um] m, (1,0,my) (3,0,my) (1,1,my) (3,1,m,)
68 53 456.5GHz 243.7GHz 690GHz 368.3 GHz
61 59 508.9GHz 271.7GHz 725.8 GHz 387.4 GHz
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8

FIG. 7. (Top) Section of the experimental LTSLM pattern seen
at Tpan = 75K, I =15.25mA, as compared with the function
sin(x)cos?(y) + cos?(mx)sin®(ry) — 1.2 sin*(ry)  (Bottom).
This function approximates the sum of the two theoretical in-plane
response patterns for perturbations of the in-plane parameters,
corresponding to the cavity modes (0, m) and (1, m).

differential can be simultaneously excited; however, further
work is required to explore the mechanisms underlying the
locking of the two modes and the selection of a 7 /2-phase
shift.

We note that the total angle-integrated THz power emitted
from the mesa studied here is comparatively weak at approx-
imately 1.4 uW. (For details of our THz power calibration
methodology, see Ref. [9]). This may be expected since the

0.3 —— T T T T L L T T T
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025 L a ]
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= ]
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FIG. 8. Fourier transform infrared spectra emitted by the mesa
at its highest achievable THz power output, which occurred at
Toan = 75K, I = 15.00mA, and also at the closest local maximum
of emitted power with respect to bias current, which occurred at
15.75 mA. The total emitted power (radiated over all angles) at
15.00 mA is approximately 1.4 uW, while the center frequency is
396 GHz. The observed linewidth at 15.00 mA is limited by the
spectrometer resolution at 0.75 cm™', or 2.25 GHz. At 15.75 mA,
the emission linewidth becomes broader, and possibly multipeaked.
The satellite peaks, however, are difficult to definitively distinguish
from background noise. (Two spectra taken at 15.75 mA are plotted
as an indication of the level of reproducibility of these spectra).

excitation of multiple modes, both of which contain multiple
periods along the length of the mesa, would result in a THz-
frequency electric field largely cancelling itself out in the
far-field limit. By contrast, we find that other optimally doped
mesas with similar width and height— but with a thicker
100-nm Au top electrode—can be driven to emit far more
strongly at THz frequencies [34] under the same experimental
conditions. As mentioned above, the properties of the top
contact have a strong influence on losses and the c-axis mode
structure. In addition, the contact arrangement consisting of
thin and thick sections breaks the symmetry of the mesa.
A systematic study as to whether these issues affect the
formation of composite modes and the polarization state is
underway.

The unexpected standing-wave structure observed here
is unambiguously due to cavity resonance effects, for two
reasons. First, the strong pattern observed in the LTSLM
images is not associated with a nonuniform temperature of
the mesa. Figure 2(d) shows thermal maps of the mesa taken
under the same conditions as the LTSLM images, using a
thermoluminescent technique which measures the sample sur-
face temperature directly. (For more details of this technique,
see Refs. [25,34,35]). No oscillations are visible above the
level of the noise in the thermoluminescent image (+50 to
100 mK) meaning that the spatial oscillations in the LTSLM
signal cannot be due to a spatial oscillation in the mesa surface
temperature. Second, at certain bias currents and certain (x,
y) coordinates, the LTSLM signal becomes positive. (See
Fig. 4). This can only be explained in terms of a cavity
resonance pattern rather than periodic hot spots, since in a
Bi-2212 mesa with do./dT > 0 whose electrical resistance
is dominated by its c-axis current transport, local self-heating
by the laser beam can only cause a negative perturbation of
the device resistance. Interestingly, this result also suggests
that a local rise in temperature in some places can enhance the
cavity mode. Such a phenomenon in turn implies that thermal
nonuniformity may serve as a potential means of enhancing
the efficiency of 1JJ synchronization in these stacks, which
is consistent with previous theoretical [36] and experimental
[37,38] studies. No oscillatory features are seen in the scan-
ning laser images for Ty, < 65K, at which temperatures no
THz emission is detected from this mesa either.

III. CONCLUSIONS

Using low-temperature scanning laser microscopy and
thermoluminescent imaging, we have studied the behavior of
cavity resonance modes at around 0.4 THz of a stack of 640
Bi-2212 intrinsic Josephson junctions. We find that standing
wave-like patterns are observed in the scanning laser images
when, and only when, THz emission is detected from the
mesa. While these patterns display varying behavior along
the long axis of the mesa depending on the bias voltage,
they consistently show a single half-period across the short
axis of the mesa. This variation along the short axis which is
assumed in most theoretical descriptions has not been clearly
observed before, to our knowledge. Comparison with ther-
moluminescent images of the device temperature under the
same bias conditions also confirms that the LTSLM images
reveal the nodes and antinodes of the mesa’s electromagnetic
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cavity resonance modes, and not an inhomogeneous device
temperature.

In conjunction with a detailed theoretical analysis of the
contrast formation in LTSLM, our results also suggest that a
composite mode consisting of two locked cavity modes with a
7 /2 phase shift is being excited. This mode generates a single
sharp emission line at 396 GHz. The LTSLM patterns that we
observe cannot be reconciled with excitation of a single cavity
mode. Recent observations on asymmetric mesas [15,16] have
indicated the formation of locked modes, however, the mecha-
nisms underlying this unexpected behavior await further clar-
ification. We note though, that the additional losses caused by
the thin Au top electrode required for LTSLM and the broken
symmetry may strongly affect the mode structure. Our work
highlights aspects such as the properties of current contacts
and the selection of the mode structure that are important
for optimizing the THz emission power from future 1JJ-based
devices.
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APPENDIX: RESPONSE TO LOCAL PERTURBATION FOR
CAVITY MODES IN JOSEPHSON-JUNCTION STACKS

As mentioned above, the mode patterns observed in our
LTSLM images do not agree with theoretical expectations.
We note here that these unexpected patterns were observed
on a second mesa (see Fig. 6), and that they arise over a wide
temperature range (see Fig. 9). In addition, the features in the
IV-characteristics are independent on whether the sample was
measured in the set-up for THz-emission, thermal imaging or
LTSLM (see Fig. 10). We therefore contend that this mode
structure is an intrinsic property of well heat-sunk Bi-2212
mesas.

In this section we give a detailed analysis of the effect of
perturbations of the temperature distribution on the Josephson

15.00 mA
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12.50
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FIG. 9. (a) Current-voltage characteristic and THz emission data at Ty,s, = 65 K, for the same mesa as shown in Fig. 2 in the main text.
Vertical axis shows mesa bias current, while voltage and total radiated THz power are plotted on horizontal axes. (b) Maps of position-
dependent scanning laser signal, showing signed RMS perturbation to mesa voltages at a range of bias currents, and a bath temperature of
65 K. (c) Conventional optical image of mesa at top (with 500 nm Au current electrode on right) and direct thermoluminescent images of mesa

under same conditions as measured in (b).
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FIG. 10. Detail of downward-sweep current-voltage characteris-
tics in the regions at which THz emission occurred at Ty, = 75 K.
Current-voltage characteristics show good agreement between the
three cryostat systems in which the devices were measured, with
only minor shifts due to small variations in thermometer calibration.
Curves measured in the scanning laser imaging system (purple solid
lines) are plotted for the time-averaged DC voltage while the sample
is illuminated by the laser beam. Note that these curves show a
slightly higher retrapping current as compared to the other systems,
due to laser-spot induced heating causing an increased probability of
Josephson retrapping.

dynamics. Several mechanisms can give rise to changes in the
temperature distribution.

Self-heating arises due to Joule heating throughout the
volume of the sample, which is largely controlled by the
efficiency of heat removal. In our case, heat removal is very
effective, and self-heating is comparatively weak. Self-heating
is essentially uniform across the sample as directly measured
in the thermal images. Under biasing conditions for which
THz emission was seen, self-heating of the device was 0.6 K
or less. However, under certain conditions of Joule heating,
heat removal, temperature dependence of the conductivity,
etc., the uniformly heated state becomes unstable and hot
spots form [23-26]. Hot spot states do not arise in the devices
studied in this manuscript, since the mesas were purposely
designed to avoid such phenomena coexisting with THz
emission modes.

In contrast, in LTLSM local heating is imparted by the
focused laser spot. The resulting local temperature rise will be
reduced by effective heat removal. However, since the laser
spot power density per unit area is about 100 times greater
than the overall DC power density in the mesa, even in well
heat-sunk samples a time-modulated signal arises that is easily
measurable via AC detection techniques. We estimate for the

current operating conditions a local temperature rise of about
2 K.

In the following theoretical analysis assume that a laser
spot heats up a mesa in the vicinity of coordinate r( leading to
local variations of the materials parameters: the components
of the quasiparticle conductivity, o, and o,, the in-plane Lon-
don penetration depth, A, and the Josephson current density,
Jjs. In the simplest picture, such parameter variation can be
evaluated as a(r) = ao fr(r — rp), where @y = g—;AT fora =
Oups Oc, A2, js, AT is the temperature increase in the spot
center, and the dimensionless function f7(r) describes the
temperature-enhancement decay away from the spot, f7(0) =
1. The variations of the local parameters lead to a change in
the DC bias voltage, which we can represent as

a
AV(ro) =Y Rva(ro) .

where the sum is over all of the above parameters. The goal of
this appendix is to evaluate the response functions Ry ,(ry) for
a simple situation when only one cavity mode is excited inside
the mesa. Theoretically, it is more convenient to evaluate the
current responses at fixed voltage, R; ,(rp). The two response
functions are connected by the simple relation, Ry ,(ro) =
% R Jj.a (o).

1. Phase dynamics and I-V dependence for cavity modes

We consider a finite-size stack (mesa) containing N junc-
tions with lateral sizes L, and L,. The dynamic behavior of
the intrinsic Josephson-junction stacks can be described by
the coupled equations for the c-axis electric field E,, phase
0,, in-plane magnetic field H, = (H, ,, H, ,) in the junction
with index n, and the in-plane superconducting momentum
Pn = (Pun, Py.n) in the n'" layer, see e.g., Refs. [39] and [40],

& 0E, 4m 0H,, 0H,,
+ _(ULEH + ]_/SlIl9 ) == —2= _ A’ (Al)
c ot dax dy
200, 2mcsE,
Ay (A2)
ot [ON
4 P9 Ipin c®g Hi,—Hj,
- nn = _el )
c \"“2me ot 8n2A2p Iz s
(A3)
2s 89,1
c}T()I{j,n = €ijz 87‘ — Din+1 + Pin (A4)

with the in-plane coordinate r = (r|, ) = (x,y), 0 < r; <
L; and the Levi-Civita symbol e;j; (eyx,; = —ey; = 1). For
completeness, we consider first the well-known unperturbed
solution in the resonance steady state when the dynamic kink
state is formed [39,40] leading to excitation of a single cavity
mode. We will look for a solution for the phase in the form

9,,(1', t) =t + ek n(r) + ¢,1(I', t)v

where @ = 27”V is the Josephson frequency set by the DC
voltage drop per junction V, 6; ,(r) = 6k (r) + B, Gi(r) is
the kink’s phase, and B, is the additional phase shifts that
are required to maintain the current conservation between
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the junctions. The kinks provide the m phase shifts at the
nodal lines of the oscillating electric fields, i. e., exp[ify(r)] ~
sgn[cos(k.x)cos(kyy)] with k; = wm;/L;. We will assume that
the dynamic phases ¢,(r, t) are small allowing us to use the
expansion with respect to the Josephson current. Using the
complex presentation A(¢) = Re[A exp(iwt)] for the oscillat-
ing quantities, we obtain the following equations for these
quantities:

is.w + 4o, oH,, 0H,, do . .
E, — + = — jsiexpl[iby ,(r)],
c dx ay c
(AS)
» 2mcesE, (A6)
lwQy, = s
D
47 (D() . C(D() Hj,n - Hj,n—l
- <Gab 27TClw + Snzkz)pz,n = —¢€jj; s s
(A7)
2ms oM
FOHj,n = eijz(a—ri — Pint1 + Pi,n), (A8)

where we used —sin(wt + 6k ,(r)) = Re{iexpli(wt +
Or.n(r))]} for the oscillating Josephson current. Eliminating
the phase and in-plane momentum, we obtain equations
containing only oscillating fields,

3H,, o
- = 4w jriexpliy »(r)], (A9)

—2H;,

(iecw +4mo.)E, — ejj;c

c 0E,
= €ij;
iw or;’

o _ Hj,up1+Hj,
n
J s2n;,

(A10)

where we introduced the notation n;, = A2 + % In
the case when the Josephson frequency w is close to
the cavity-resonance frequency [1 + Azkzz]’l/ 2\;—/;7 with k? =

2(1 — cosq)/s? and k = ~/(m,/L,)* + (my/L,)*, the (m,, m,)
mode corresponding to this resonance is mostly excited. Due
to the large impedance mismatch between Bi,Sr,CaCu,Og
and free space, the in-plane gradients of the oscillating elec-
tric field almost vanish at the mesa’s edges. Therefore, the
coordinate dependences of the mode’s oscillating fields can
be approximated as

E,(r) ~ Ey ,cos(kcx)cos(kyy)cos(gn + o), (A11)
H, ,(r) ~ Hy g ,sin(k.x)cos(kyy)cos(gn + a), (A12)
H, ,(r) =~ H, i 4c08(k.x)sin(k,y)cos(gn + a), (A13)

where the c-axis wave vector ¢ and the phase factor o depend
on the boundary conditions on the top and bottom of the mesa.
The amplitudes can be evaluated by performing projection of
Egs. (A9) and (A10) to the mode shape. In particular, for the
mode amplitude of the electric field we obtain

) A2\
Ek,q A 47T‘]ja)gk’q <ECCU — 47TlQ)O'C — m) s
(A14)

where

o 4y

L. L,
~ |cos(kxx)|dx/ |cos(k,y)|dy
L.L,N Jo 0 Y

gk,q

N
X Z cos(gn + a)exp(if,)

n=1

1
= 624 (cos(gn + a)exp(if,)),
T

(A15)

is the mode’s coupling constant and 1, = (cos*(qgn + a)); .
The magnetic-field amplitudes are related to Ey , as

(A16)

127 ek
Hj,k,q = —eijj; 1+ a EEk’q.

Note that the result in Eq. (A14) assumes only the quasi-
particle damping of the modes and neglects, for example, the
damping due to leaking of the radiation into the base crystal.

The change of the current-voltage characteristic due to the
excitation of the cavity mode is determined by the average
Josephson current, which we can evaluate as

Jr = Jy(sin[@t + O n (1) + Ga(r, )]s
~ Jy{cos[wt + O n(r)IRe[dn(r)exp(ion)])r. .

— %Re(exp[—iek,n(r)]¢n(r)>r

y
= %Re[exp[—iﬂn(l’)]cos(qn +a)pigl, (A7)

where we used (exp[—ibk(r)]cos(k x)cos(kyy))r A
(Icos(kxx)||cos(kyy)|)r = 4/m?. The phase shifts B, have
to be selected to make this result independent of n. Averaging
over n, we obtain

- JJ _
Ji =~ _Re[gk,q(ﬁk,q]'

(A18)
8ny

As the oscillating phase is connected with the evaluated
oscillating electric field in Eq. (A14), ¢y, = ifq‘); Ex 4, we im-
mediately obtain the result for the average Josephson current

[39,40],

—  wles

22 2 .
~ ImJe.0° — 4miwo, —
s " cbolgk,ql Iy { e e

2k? -
1 + kzz / ny } ’

(A19)
which is resonantly enhanced when the cavity mode is excited.
The full current-voltage relation is j = o.E + j;.

2. Response to small local perturbation

We can now proceed with the evaluation of the correction
to the average Josephson current caused by perturbations
induced by the laser spot near point ry, a(r) with a = o, o4,
j7, A72. Adding these perturbations to Eqs. (A1), we obtain
the following equations for the corrections:

iwe, + 4mo, B 0H,, n JoH,,
c ax ay

4 | - )
= —T[UCEn — Jriexp(ibx.n)1,

(A20)

144503-10



OBSERVATION OF A TWO-MODE RESONANT STATE IN ...

PHYSICAL REVIEW B 100, 144503 (2019)

6, = -, A21
ia)CDo ( )
Dy Hi,—Hjn, D _
——MPin + €ij;—————— = ——; Din, (A22)
2 2w
27 ~ 90, B B
()TOHj,n = ejj; o Din+1 + Pin | (A23)

with 7i; () = A~% + 25, For brevity, we have omitted the
coordinate dependences. Eliminating 8, and p;,, we again

obtain equations containing only the perturbations of the
fields

jwe, +4wo, ~  0H,, 0H.,
lwe. + GE— m oy

n

c ax ay
ar L
- __[UcEn - leeXP(lek,n)], (A24)
C
g I:Ij,n—l + ﬁj,n-H — 2[‘71'," C BEn
in— — i, ——
o ;.52 iw o
ny CD()
= Cijz— (P: n+l1 — pi,n)- (A25)
n 27

The electric field E, on the right-hand side of the first
equation is given by Egs. (All) and (A14) and momenta
differences are related to the oscillating magnetic fields

4rH,, »(1 — cosq)
Pin+1 — Pijn = €imz .
SCI)()I’I)L
-1
By = dri s
kg = LL w'e, —4miwo, 4

which immediately gives the perturbations of the oscillating-phase amplitude, ¢y , = ¢ =

Even though the perturbations on the right-hand side of
Eqgs. (A2) are localized near the laser spot point ry, due to
proximity to the resonance, their dominating effect is the
corrections of the cavity-mode amplitude. To evaluate these
corrections, we again project Egs. (A2) to the cavity-mode
shape. This leads to the following equations for the corrections
to the mode amplitudes of the oscillating fields:

iwe, + 4mo, ~ ~ -
Ek q kay,k,q + kny,k,q

4 Sl
-~ iL I (6¢Ex 4c08” (kxxo)cos® (kyyo)

— i]yrq1cos(kuxo)] lcos(kyyo)l), (A26)

K2 cky
=) — _Ek q

n Lw

Hx’k,q<l +

Sy,

=L L kaqcos 2 (kyxo)sin® (kyyo k2,

- k72 cky
Hyyk’q 14+ ;A + —Ek q

S[ I’l)L
LL

(A27)

Hy k gSin* (kyxo )cos? (kyyo k2, (A28)

where S; is the area of the spot [ d’ra(r) = @S, and Ty =
nq(exp(iB,)cos(gn + a)),. From these equations we evalu-
ate the correction to the mode’s amplitude of the electric
field

(A29)

= qf Ex .¢ and the average Josephson current

using Eq. (A17), 8 j;(ry) ~ “ Re[gk qd)k 4. We can split the resulting change of the average Josephson current into the responses

to relative perturbations of dlfferent parameters

— a
3js(ro) = Z ij,a(l‘o); (A30)
where
-2
21,2
2 2 : ck 2 2
Rjo.(xo) = 4 Ajo.w|gk 4l Re| | 0 e, — dmivo, — 5 cos” (kyxg)cos” (kyyo), (A31)
1+ .=
T48k.q
Rjj, (xo) = A;Im o | lcos(kexo)lcos(kyyo)l, (A32)

w?’s. — 4dmiwo, —

2
1+

Lo
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K2/ (m, + k2)
< )2

Rj-2(r0) = Asc?gi 4|*Re(n;)Im
w?’s. —Amiwo, —

K2

.

x [kZsin® (kexo )eos™ (kyyo) + kycos® (kexo)sin® (kyyo) ] (A33)

12/ (n + k2)

2 2
R0 (X0) = Ayc”lgk ¢/ ITm(n;)Re —
w?e, — Amiwo, — lc_kkg )

x [kZsin® (kyxo)cos” (kyyo) + kycos” (kexo)sin® (kyyo) ] (A34)

with

We see that there are two typical spatial patterns corresponding to the c-axis and in-plane responses. The patterns
corresponding to o, and j; responses have the same symmetry, but somewhat different shapes. A finite in-plane response only
appears when the nonuniformity of the mode along the z direction is taken into account. Typical spatial patterns for c-axis and
in-plane response channels are illustrated in Fig. 5 for three different modes.

Note that the sum ;-2 ,(rp) + Ry, «(ro) has a somewhat simpler presentation:

k? k2
Z(l + Z)

2
. 272
(a)zsc —4riwo,. — f—kkz)
+;

-2

Ri2.a(10) + Royy a(r0) = Asc?|gk 4| Tm

x [kZsin® (kyxo )cos” (kyyo) + k;cos™ (kuxo)sin® (kyyo) -

This analysis reveals that all spatial patterns display maxima/minima at the edges of the mesa, never nodes. Thus, our

experimental observations shown in Figs. 2 and 6 demonstrate that a composite mode is activated.
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