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Abstract 

Using low-temperature scanning laser microscopy (LTSLM), we have studied the cavity 

resonance behavior of a rectangular Bi2Sr2CaCu2O8+δ 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 
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from Bi2Sr2CaCu2O8+δ mesas, it is important to design devices which are capable of being 

excited in a single, purely transverse mode.  
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Introduction 

 

Stacked ‘intrinsic’ Josephson junctions (IJJs) in extremely anisotropic high-temperature 

superconductors such as Bi2Sr2CaCu2O8+δ  (Bi-2212) provide a promising basis for 

development of highly compact sources of coherent radiation in the so-called ‘terahertz gap’ 

range, [1]. This region of the electromagnetic spectrum spans approximately 0.5 THz 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, 3, 4].  

 

Stacked IJJ 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 

J݂ ൌ DܸC Φ⁄  , where VDC is the junction DC bias voltage, and Φ 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 microfabricated in the shape of a 

resonant cavity that is electromagnetically coupled to the individual IJJs [1, 6, 7].  The cavity-

mode frequencies are determined by the spectrum of Josephson plasma waves propagating 

inside a layered superconductor [8] 

 ߱ଶሺሻ ≈ ߱ଶ  ܿଶ൫݇௫ଶ  ݇௬ଶ൯ߝሺ1  ଶߣ ݇௭ଶሻ, (1) 

where c0 is the speed of light in free space, εc is the c-axis far-infrared relative dielectric 

constant of Bi-2212, and λab is its ab-plane magnetic penetration depth (which depends on 

temperature). The first term, the Josephson plasma frequency ߱ , is suppressed in the 
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resistive state. The cavity modes have a transverse magnetic structure with the magnetic field 

aligned parallel to the CuO2 planes yielding linearly polarized emitted radiation [7]. The 

cavity may thus synchronize the IJJs when the stack is biased such that the Josephson 

frequency 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 µm 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 frequencies are determined by the in-plane mode velocity cn which, in turn, 

depends on the c-axis wave vector kz, 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 t 
containing a large number, N ≫ 1, of junctions and for boundary conditions that can be 

expressed as nodes or antinodes, we have ݇௭ ൌ ߨ݊ ⁄ݐ2  with n = 0, 1, 2, …, and the mode 

velocity becomes [18,19]: 

 ܿଶ ≈ ܿଶߝሾ1  ሺ݊ߣߨ ⁄ݐ2 ሻଶሿ, (2) 

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 λab increases with temperature, 

the mode velocities for nonzero n decrease with temperature.  A junction stack in the form of 
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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, ݓ ൌ  ௫, andܮ

length, ݈ ൌ  ௬, of the mesa [12, 20], such that the in-plane electromagnetic wavelengths areܮ

given as Λ௫,௬ ≈   ௫,௬/݉௫,௬. The frequency of the (n, mx, my)th cavity mode is expressed asܮ2

 ݂,   ೣ,  ≈ ܿ2 ඨቀ݉௫ݓ ቁଶ  ቀ݉௬݈ ቁଶ. (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 which synchronizes the junctions and which radiates most 

efficiently has a transverse component, and is indeed typically the (n, 1, 0) mode. This is 

consistent with the observed ሺߠ, ߶ሻ 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 (LTSLM) [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 studied.  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 longitudinal component of the cavity mode in rectangular mesas. In contrast, 

experimental evidence for the transverse mode is sparse [27]. 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 
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emission contain a single half-period across the width of the mesa. This is to say that they are 

of the form ൫݊, 1, ݉௬൯, where my 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 BSCCO mesa with width 

60 μm and length 360 μm containing 640 IJJs, see Fig. 1. The part of the mesa used in the 

LTSLM imaging with length 240 μm is covered with a layer of gold with a comparatively 

small thickness 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, mx, my), where the non-integer index my is defined as the ratio  2݈/Λ௬, 

and Λy 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 Kelvin. Under these conditions, 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 correspond to half-period of the cavity 

electric field, Λx,y/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, my) cavity mode, as the observed mode 

patterns do not agree with expectations based on an analysis of the different contributions to 
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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]. 

 

Results and Discussion 

 

The mesa studied in this experiment was fabricated on the surface of an optimally-doped Bi-

2212 single crystal (Tc = 86.5 K) using optical lithography and argon ion milling, with overall 

dimensions 60 × 360 × 0.992 μm3 (w × l × t). The stack contains N = 640 IJJs. 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 BSCCO mesas 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 which 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 
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voltages appropriate for THz generation are reached. Detectable THz emission occurs at a 

range of cryogenic bath temperatures spanning from approximately 63 K to 77 K. Figure 2(c) 

shows scanning laser results at Tbath = 75 K, 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 Figure 2(b). The ‘wiggles’ in the mesa current occurring between 

0.55 V 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 Figure 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 Tbath = 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 consequently 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 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 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 
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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 Figure 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. This transverse variation 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 Figure 2 

on first sight indicate modes of the (n, 1, my)-type.  The observed patterns are characterized 

by extrema along the center line and low amplitude around the perimeter. This is confirmed 

by Figure 3, 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 expectations. 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 perturbation of the c-axis parameters, namely the Josephson current density, ݆, 

and c-axis quasiparticle conductivity, ߪ. In this case, the response follows the spatial 

distribution of the oscillating ݖ component of the electric field. For example, for the cavity 

mode with wavevectors ݇ ൌ   (i = x, y), the voltage response to a local perturbation atܮ/݉ߨ

point ሺݔ,  ൯ห for perturbation of ݆. The second type of the response pattern isݕሻ|หcos൫݇௬ݔ, and |cosሺ݇௫ߪ ൯ for perturbation ofݕሻcosଶ൫݇௬ݔሻ should follow cosଶሺ݇௫ݕ

related to the perturbation of the in-plane parameters, namely the London penetration depth ߣ, and the ab-plane quasiparticle conductivity, ߪ. In this case the response follows the 
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spatial distribution of the oscillating in-plane magnetic field and is proportional to ݇௫ଶsinଶሺ݇௫ݔሻcosଶ൫݇௬ݕ൯  ݇௬ଶcosଶሺ݇௫ݔሻsinଶ൫݇௬ݕ൯. However, we cannot assign any of 

these basic patterns to the experimentally 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 |ܧ௭|, which 

occur around the perimeter of the cavity. Patterns due to perturbations of in-plane parameters 

reflect the distribution of ܤ௫ଶ   ௬ଶ, which has exactly the same oscillation amplitude at theܤ

center and along the edges (see Figure 1). By contrast, the patterns shown in Figure 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. A2 in the Appendix.  This 

second mesa has dimensions of 360 × 50 × 0.79 µm3. We therefore conclude that the 

observed behavior is intrinsic to well heat-sunk BSCCO resonators and is robust to variations 

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 [28, 29]. 

 

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 5 compares the 

experimental LTSLM pattern seen at 15.25 mA with the function sinଶሺݔߨሻcosଶሺݕߨሻ cosଶሺݔߨሻsinଶሺݕߨሻ െ 1.2sinଶሺݕߨሻ which describes the combination of the two theoretical in-

plane response patterns corresponding to the cavity modes of (n, 0, my) and (n, 1, my) 

structure. Our addition of the squares of the mode amplitudes reflects a π/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 Figure 6) even though 
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the two modes would have different center frequencies when excited independently of each 

other (see below). This interpretation is consistent with results recently obtained by Elarabi et 

al. [15,16] in which circularly polarized THz radiation was generated from a square mesa 

which 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 π/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 reference 

[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 [30]. 

 

A quantitative analysis of our results according to Equations 2 and 3 requires the 

specification of the boundary conditions and of the indices n, mx and my, 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 properties of the metal contact.  Thick, high-conductivity 

metal contacts on the mesa induce an anti-node in the oscillating c-axis electric field, while 

thin contacts, such as used in this study, have typically low conductivity [31] likely resulting 

in a node at the top of the mesa. Due to losses in a thick base-crystal, the bottom of the c-axis 

electric-field mode profile is well approximated by a node [32].  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 anti-node. 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 anti-node, is approximate, whereas the true behavior likely falls in 
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between with the thin contact being closer to a node while the thick contact is closer to an 

anti-node. Considering the CuO2-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. 5, at the left-hand end of the mesa there is neither a node nor an 

antinode. Thus, as mentioned above, the index my in Eq. (3) should be understood in our case 

as the non-integer ratio 2l/Λy, where Λy is the longitudinal wavelength imaged in Fig. 2.     

 

Anukool et al. [33] have measured ߣ ൌ  .for optimally-doped Bi-2212 at 75 K ݉ߤ 0.47

From the pattern periods, we evaluate Λy/2 ≈ 68 µm (my ≈ 5.3) and 61 µm (my ≈ 5.9) for 

bias currents of 15 mA and 15.75 mA, respectively. Then, using ݐ ൌ 0.992 µm, ߝ ൌ 16 [34], 

w = 60 µm and n = 1, 3 in Eqs. (2) and (3), we estimate the expected relevant cavity-mode 

frequencies for the imaged section at 75 K and summarize them in Table 1. As shown in Fig. 

6, 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, my) and (3, 1, my) modes, respectively, 

with a π/2 phase shift. As the quality factor of the cavity resonances is relatively low, modes 

with rather large frequency 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 π/2-phase shift.   

We note that the total angle-integrated THz power emitted from the mesa studied here is 

comparatively weak at approximately 1.4 μW. (For details of our THz power calibration 

methodology, see Ref. [9]).  This may be expected since the 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 
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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 [35] 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. Firstly, the strong pattern observed in the LTSLM images 

is not associated with a non-uniform 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 surface temperature directly. (For 

more details of this technique, see Refs. [25], [35], [36]). 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. Secondly, 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 ߲ߪ ߲ܶ⁄  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 non-uniformity may serve as a 

potential means of enhancing the efficiency of IJJ synchronization in these stacks, which is 

consistent with previous theoretical [37] and experimental [38, 39] studies. No oscillatory 
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features are seen in the scanning laser images for Tbath < 65 K, at which temperatures no THz 

emission is detected from this mesa either. 

 

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.  Comparison with thermoluminescent 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 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 π/2 

phase shift is being excited. This mode generates a single sharp emission line at 396 GHz. 

The LTSLM patterns which 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 mechanisms underlying this unexpected behavior await 

further clarification. 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 
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selection of the mode structure that are important for optimizing the THz emission power 

from future IJJ-based devices. 
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Table 1 

Λy/2 [μm] my (1, 0, my) (3, 0, my) (1, 1, my) (3, 1, my) 

68  5.3 456.5 GHz 243.7 GHz 690 GHz 368.3 GHz 

61  5.9 508.9 GHz 271.7 GHz 725.8 GHz 387.4 GHz 

 

Estimated cavity-mode frequencies, Eq. (3), for a mesa of size 60 × 360 × 0.992 μm3, εc = 16, 

λab = 0.47 μm, and two measured LTSLM periods, Λy/2, with my = 2l/Λy. 
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Figure captions 
 

Figure 1 (Color online only) 

Schematic of the BSCCO mesa imaged here and of possible c-axis mode profiles. 
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Figure 2 (Two-column figure, Color online only) 

 

(a) (Main) Resistance versus temperature plotted for the mesa studied in this experiment. Red 

curve was measured directly with 10 μA bias current, while blue squares for data points 

below Tc were obtained from the tangent to downward-sweep I-V curves (black line in inset) 

as described in [26]. (Inset) I-V characteristic for mesa at 75 K showing hysteretic switching 

of IJJs. 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. Red dashed lines 

show cross-sections plotted in Figures 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). 
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Figure 3 (Color online only) 

 

(a) Longitudinal cross-sections of scanning laser signal data plotted in Fig. 2c along 

centerline of mesa (red dashed line in Fig. 2c) showing strong positive and negative 

oscillations at bias currents for which the mesa’s cavity resonance is excited, and Tbath = 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 µm 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. 
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Figure 4 (Color online only) 

 

(a) Longitudinal cross-sections of scanning laser image for Tbath = 75 K, I = 15.25 mA, 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 Tbath = 75 K taken at increasing bias 

current. These cross-sections were taken through the minimum of the LTSLM pattern which 

occurs at x = 130 μm, indicated by the arrow in Figure 4(a). 
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Figure 5 (Color online only) 

 

(Top) Section of the experimental LTSLM pattern seen at Tbath = 75 K, I = 15.25 mA, as 

compared with the function sinଶሺݔߨሻcosଶሺݕߨሻ  cosଶሺݔߨሻsinଶሺݕߨሻ െ 1.2sinଶሺݕߨሻ 

(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).  
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Figure 6 (Color online only) 

 

FTIR spectra emitted by the mesa at its highest achievable THz power output, which 

occurred at Tbath = 75 K, I = 15.00 mA, 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 μW, while the center frequency is 

396 GHz. The observed linewidth at 15.00 mA is limited by the spectrometer resolution at 

0.75 cm-1, or 2.25 GHz. At 15.75 mA, the emission linewidth becomes broader, and possibly 

multi-peaked. 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.) 
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Figure A1 (Color online only) 

 

Typical spatial patterns corresponding to the ܿ-axis (ߪ and ݆) 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. 
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Figure A2 (Two-column figure, Color online only) 

 

(a) I-V characteristic for a second mesa patterned on the same chip as the mesa presented in 

the main text, at 75 K showing hysteretic switching of IJJs. 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 Figure 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). 
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Figure A3 (Two-column figure, Color online only) 

 

(a) Current-Voltage characteristic and THz emission data at Tbath = 65 K, for the same mesa 

as shown in Figure 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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Figure A4 (Color online only) 

 

Detail of downward-sweep current-voltage characteristics in the regions at which THz 

emission occurred at Tbath = 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. 
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Appendix  
 

Response to local perturbation for cavity modes in Josephson-junction stacks 

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

distribution on the Josephson 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 Kelvin 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 [23-27]. Hot spot states do 

not arise in the devices studied in this manuscript, since the mesas were purposely designed 

to avoid such phenomena co-existing 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 which 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 ܚ leading to local variations of the materials parameters: the components of the 

quasiparticle conductivity, ߪ and ߪ, the in-plane London penetration depth, ߣ, and the 

Josephson current density, ݆. In the simplest picture, such parameter variation can be 
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evaluated as ܽሺܚሻ ൌ ܽ ்݂ ሺܚ െ ሻ, where ܽܚ ൌ ௗௗ் ΔT for ܽ ൌ ,ߪ ,ߪ ,ଶିߣ ݆, Δܶ is the 

temperature increase in the spot center, and the dimensionless function ்݂ ሺܚሻ describes the 

temperature-enhancement decay away from the spot, ்݂ ሺ0ሻ ൌ 1. The variations of the local 

parameters lead to a change in the DC bias voltage, which we can represent as  

 Δܸሺܚሻ ൌ ∑   ࣬,ሺܚሻ బ , 
where the sum is over all of the above parameters. The goal of this appendix is to evaluate the 

response functions ࣬,ሺܚሻ 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, ࣬,ሺܚሻ. The two response functions are connected by the simple relation, ࣬,ሺܚሻ ൌ ௗௗ ࣬,ሺܚሻ. 
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1.  Phase dynamics and I-V dependence for cavity modes 

 

We consider a finite-size stack (mesa) containing ܰ junctions with lateral sizes ܮ௫ and ܮ௬. 

The dynamic behavior of the intrinsic Josephson-junction stacks can be described by the 

coupled equations for the c-axis electric field ܧ, phase ߠ, in-plane magnetic field ۶ ൌሺܪ௫,, ܘ ௬,ሻ in the junction with index ݊, and the in-plane superconducting momentumܪ ൌ ሺ௫,,     ௬,ሻ in the ݊௧ layer, see e.g. Refs. [39] and [40]

 ఌ பாப௧  ସగ ൫ߪܧ  ݆sinߠ൯ ൌ பு,ப௫ െ புೣ,ப௬      (1) 

 பఏப௧ ൌ ଶగ௦ாబ          (2) 

 ସగ ቀߪ బଶగ ப,ப௧  బ଼గమఒమ ,ቁ ൌ െ݁௭ ுೕ,ିுೕ,షభ௦     (3) 

 ଶగ௦బ ,ܪ ൌ ݁௭ ቀபఏப െ ,ାଵ   ,ቁ      (4)

 with the in-plane coordinate ܚ ൌ ሺݎଵ, ଶሻݎ ൌ ሺݔ, ሻ, 0ݕ ൏ ݎ ൏  and the Levi-Civita symbol ݁ (݁௫௬௭ܮ ൌ െ݁௬௫௭ ൌ 1). For completeness, we consider first the well-known unperturbed 

solution in the resonance steady state when the dynamic kink state is formed [40, 41] leading 

to excitation of a single cavity mode. We will look for a solution for the phase in the form  

,ܚሺߠ  ሻݐ ൌ ݐ߱  ሻܚ,ሺߠ  ߶ሺܚ,  ,ሻݐ
where ߱ ൌ ଶగబ ܸ is the Josephson frequency set by the DC voltage drop per junction ܸ, ߠ,ሺܚሻ ൌ ሻܚሺߠ    is the additional phase shifts that areߚ ሻ is the kink’s phase, andܚሺߠ ,ߚ

required to maintain the current conservation between the junctions. The kinks provide the ߨ 

phase shifts at the nodal lines of the oscillating electric fields, i. e., expሾ݅ߠሺܚሻሿ ≈sgnሾcosሺ݇௫ݔሻcos൫݇௬ݕ൯ሿ with ݇ ൌ ,ܚ. We will assume that the dynamic phases ߶ሺܮ/݉ߨ  .ሻ are small allowing us to use the expansion with respect to the Josephson currentݐ
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Using the complex presentation ܣሺݐሻ ൌ Reሾܣexpሺ݅߱ݐሻሿ for the oscillating quantities, we 

obtain the following equations for these quantities    

 ఌఠାସగఙ ܧ െ புப௫  புೣப௬ ൌ ସగ ݆݅expൣ݅ߠ,ሺܚሻ൧,    (5) 

 ݅߱߶ ൌ ଶగ௦ாబ ,        (6) 

 ସగ ቀߪ బଶగ ݅߱  బ଼గమఒమቁ , ൌ െ݁௭ ுೕ,ିுೕ,షభ௦ ,    (7) 

 ଶగ௦బ ,ܪ ൌ ݁௭ ቀபథப െ ,ାଵ   ,ቁ,      (8)

 where we used െsin൫߱ݐ  ሻ൯ܚ,ሺߠ ൌ Re൛݅expൣ݅൫߱ݐ   ሻ൯൧ൟ for the oscillatingܚ,ሺߠ

Josephson current. Eliminating the phase and in-plane momentum, we obtain equations 

containing only oscillating fields,   

 ሺ݅ߝ߱  ܧሻߪߨ4 െ ݁௭ܿ புೕ,ப ൌ ߨ4 ݆݅expൣ݅ߠ,ሺܚሻ൧,   (9) 

,ܪ  െ ுೕ,శభାுೕ,షభିଶுೕ,௦మഊ ൌ ݁௭ ఠ பாப ,     (10) 

 where we introduced the notation ݊ఒ ؠ ଶିߣ  ସగఠఙೌ್మ . In the case when the Josephson 

frequency ߱ is close to the cavity-resonance frequency ሾ1  ଶ݇௭ଶሿିଵ/ଶߣ ඥఌ with ݇௭ଶ ؠ
2ሺ1 െ cosݍሻ/ݏଶand ݇ ൌ ඥሺ݉௫/ܮ௫ሻଶ  ሺ݉௬/ܮ௬ሻଶ, the ሺ݉௫, ݉௬ሻ mode corresponding to this 

resonance is mostly excited. Due to the large impedance mismatch between Bi2Sr2CaCu2O8 

and free space, the in-plane gradients of the oscillating electric field almost vanish at the 

mesa’s edges. Therefore, the coordinate dependences of the mode’s oscillating fields can be 

approximated as   

ሻܚሺܧ  ≈ ݊ݍ൯cosሺݕሻcos൫݇௬ݔcosሺ݇௫,ܓܧ   ሻ,    (11)ߙ

ሻܚ௬,ሺܪ  ≈ ݊ݍ൯cosሺݕሻcos൫݇௬ݔsinሺ݇௫,ܓ,௬ܪ   ሻ,    (12)ߙ

ሻܚ௫,ሺܪ  ≈ ݊ݍ൯cosሺݕሻsin൫݇௬ݔcosሺ݇௫,ܓ,௫ܪ   ሻ,    (13)ߙ
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 where the c-axis wave vector ݍ and the phase factor ߙ depend on the boundary conditions on 

the top and bottom of the mesa. The amplitudes can be evaluated by performing projection of 

Eqs. (9) and (10) to the mode shape. In particular, for the mode amplitude of the electric field 

we obtain  

,ܓܧ  ≈ ߨ4 ݆߱݃ܓ, ቀߝ߱ଶ െ ߪ߱݅ߨ4 െ మమଵାమ/ഊቁିଵ, (14) 

 where  

,ܓ݃  ≈ ସఎೣே   ೣ |cosሺ݇௫ݔሻ|݀ݔ    หcos൫݇௬ݕ൯ห݀ݕ ∑  ேୀଵ cosሺ݊ݍ   ሻߚሻexpሺ݅ߙ

 ൌ ଵఎగమ ݊ݍcosሺۦ   ሻۧ (15)ߚሻexpሺ݅ߙ

 is the mode’s coupling constant and ߟ ൌ ݊ݍcosଶሺۦ   ሻۧିଵ. The magnetic-field amplitudesߙ

are related to ܓܧ, as  

,ܓ,ܪ  ൌ െ݁௭ ቂ1  మഊቃିଵ ఠ  . (16),ܓܧ

Note that the result in Eq. (14) assumes only the quasiparticle 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  

݆ ൌ ݆ൻsinൣ߱ݐ  ሻܚ,ሺߠ  ߶ሺܚ, ௧,ܚሻ൧ൿݐ ≈ ݆ൻcosൣ߱ݐ    ௧,ܚሻሿൿݐሻexpሺ݅߱ܚሻ൧Reሾ߶ሺܚ,ሺߠ

ൌ ଶ Reൻexpൣെ݅ߠ,ሺܚሻ൧߶ሺܚሻൿܚ ൌ ଶగమ Reൣexpሾെ݅ߚሺܚሻሿcosሺ݊ݍ   ൧, (17),ܓ߶ሻߙ

 where we used ൻexpሾെ݅ߠሺܚሻሿcosሺ݇௫ݔሻcos൫݇௬ݕ൯ൿܚ ≈ ൻ|cosሺ݇௫ݔሻ|หcos൫݇௬ݕ൯หൿܚ ൌ  .ଶߨ/4

The phase shifts ߚ have to be selected to make this result independent of ݊. Averaging over ݊, we obtain  

 ݆ ≈ ଼ఎ Reൣ ҧ݃ܓ,߶ܓ,൧        (18) 
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 As the oscillating phase is connected with the evaluated oscillating electric field in Eq. (14), ߶ܓ, ൌ ଶగ௦ఠబ  ,, we immediately obtain the result for the average Josephson current [40,ܓܧ

41],  

 ݆ ≈ గమ௦ఎబ ห݃ܓ,หଶ ݆ଶIm ቄߝ߱ଶ െ ߪ߱݅ߨ4 െ మమଵାమ/ഊቅିଵ,   (19) 

 which is resonantly enhanced when the cavity mode is excited. The full current-voltage 

relation is ݆ ൌ ܧߪ  ݆. 

 

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 ܚ, ܽሺܚሻ with ܽ ൌ  ଶ. Adding these perturbations to Eqs. (1), we obtain the following equations for theିߣ ,, ݆ߪ ,ߪ

corrections: 

 ఠఌାସగఙ ෨ܧ െ பு෩ப௫  பு෩ೣப௬ ൌ െ ସగ ܧߪൣ െ ଔ̃݅exp൫݅ߠ,൯൧,   (20) 

෨ߠ  ൌ ଶగ௦ா෨ఠబ ,         (21) 

 బଶగ ݊ఒ,  ݁௭ ு෩ೕ,ିு෩ೕ,షభ௦ ൌ െ బଶగ ݊ఒ,,     (22) 

 ଶగ௦బ ෩,ܪ ൌ ݁௭ ቀபఏ෩ப െ ,ାଵ   ,ቁ.      (23)

 with ݊ఒሺ߱ሻ ؠ ሚିଶߣ  ସగఠమ  .. For brevity, we have omitted the coordinate dependencesߪ

Eliminating ߠ෨ and ,, we again obtain equations containing only the perturbations of the 

fields  

 ఠఌାସగఙ ෨ܧ െ பு෩ப௫  பு෩ೣப௬ ൌ െ ସగ ܧߪൣ െ ଔ̃݅exp൫݅ߠ,൯൧,   (24) 

෩,ܪ  െ ு෩ೕ,షభାு෩ೕ,శభିଶு෩ೕ,ഊ௦మ െ ݁௭ ఠ பா෨ப ൌ ݁௭ ഊഊ బଶగ௦ ൫,ାଵ െ  ,൯.  (25)
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The electric field ܧ on the right-hand side of the first equation is given by Eqs. (11) and (14) 

and momenta differences are related to the oscillating magnetic fields  

,ାଵ  െ , ൌ ݁௭ ସగு,ሺଵିୡ୭ୱሻ௦బഊ . 
Even though the perturbations on the right-hand side of Eqs. (2) are localized near the laser 

spot point ܚ, due to proximity to the resonance, their dominating effect is the corrections of 

the cavity-mode amplitude. To evaluate these corrections, we again project Eqs. (2) to the 

cavity-mode shape. This leads to the following equations for the corrections to the mode 

amplitudes of the oscillating fields  

ఠఌାସగఙ ,ܓ෨ܧ െ ݇௫ܪ෩௬,ܓ,  ݇௬ܪ෩௫,ܓ,  

ൌ െ ସగ ௌೣ ൫ߪܓܧ,cosଶሺ݇௫ݔሻcosଶ൫݇௬ݕ൯ െ ݅ଔ̃ݎ|cosሺ݇௫ݔሻ|หcos൫݇௬ݕ൯ห൯ (26) 

,ܓ,෩௫ܪ ቀ1  మഊቁ െ ఠ ,ܓ෨ܧ ൌ ௌೣ ഊഊమ  ൯݇௭ଶ  (27)ݕሻsinଶ൫݇௬ݔcosଶሺ݇௫,ܓ,௫ܪ

,ܓ,෩௬ܪ ቀ1  మഊቁ  ೣఠ ,ܓ෨ܧ ൌ ௌೣ ഊഊమ  ൯݇௭ଶ  (28)ݕሻcosଶ൫݇௬ݔsinଶሺ݇௫,ܓ,௬ܪ

where ܵ is the area of the spot   ݀ ଶܚ ܽሺܚሻ ൌ ܽ ܵ and ݎ ൌ ݊ݍሻcosሺߚexpሺ݅ۦߟ   ሻۧ. Fromߙ

these equations we evaluate the correction to the mode’s amplitude of the electric field  

,ܓ෨ܧ  ൌ ௌೣ ߱ଶߝ െ ߪ߱݅ߨ4 െ మమଵାೖమഊ൩ିଵ
 

 ൈ ሼ4߱݅ߨ൫ߪܓܧ,cosଶሺ݇௫ݔሻcosଶ൫݇௬ݕ൯ െ ݅ଔ̃ݎ|cosሺ݇௫ݔሻ|หcos൫݇௬ݕ൯ห൯ 

  మೖమഊ൬ଵାೖమഊ൰మ ഊഊ ൣ݇௫ଶsinଶሺ݇௫ݔሻcosଶ൫݇௬ݕ൯  ݇௬ଶcosଶሺ݇௫ݔሻsinଶ൫݇௬ݕ൯൧ܓܧ,ሽ, (29) 

 which immediately gives the perturbations of the oscillating-phase amplitude, 

 ߶෨ܓ, ൌ ଶగ௦ఠబ  , and the average Josephson current using Eq. (17),ܓ෨ܧ
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ߜ  ݆ሺܚሻ ≈ ଼ఎ Reൣ ҧ݃ܓ,߶෨ܓ,൧. We can split the resulting change of the average Josephson 

current into the responses to relative perturbations of different parameters  

ߜ  ݆ሺܚሻ ൌ ∑   ࣬,ሺܚሻ        (30) 

 where  

࣬,ఙሺܚሻ ൌ หଶRe,ܓ߱ห݃ߪࣛߨ4 ൭߱ଶߝ െ ߪ߱݅ߨ4 െ మమଵାೖమഊ൱ିଶ cosଶሺ݇௫ݔሻcosଶ൫݇௬ݕ൯, 
           (31) 

 ࣬,ሺܚሻ ൌ ࣛIm ێێۏ
ۍ തܓ,ఠమఌିସగఠఙି మೖమభశೖమഊۑۑے

ې |cosሺ݇௫ݔሻ|หcos൫݇௬ݕ൯ห,  (32) 

 ࣬,ఒషమሺܚሻ ൌ ࣛܿଶห݃ܓ,หଶReሺ݊ఒሻIm
ێێۏ
ۍێێ మ/൫ഊାమ൯మ

൮ఠమఌିସగఠఙି మೖమభశೖమഊ൲మۑۑے
 ېۑۑ

 ൈ ൣ݇௫ଶsinଶሺ݇௫ݔሻcosଶ൫݇௬ݕ൯  ݇௬ଶcosଶሺ݇௫ݔሻsinଶ൫݇௬ݕ൯൧,   (33) 

 ࣬,ఙೌ್ሺܚሻ ൌ ࣛܿଶห݃ܓ,หଶImሺ݊ఒሻRe
ێێۏ
ۍێێ మ/൫ഊାమ൯మ

൮ఠమఌିସగఠఙି మೖమభశೖమഊ൲మۑۑے
 ېۑۑ

 ൈ ൣ݇௫ଶsinଶሺ݇௫ݔሻcosଶ൫݇௬ݕ൯  ݇௬ଶcosଶሺ݇௫ݔሻsinଶ൫݇௬ݕ൯൧,   (34) 

 with  

 ࣛ ൌ ߨ4 ௌೣ ଶగ௦బ మ଼ఎ. 
We see that there are two typical spatial patterns corresponding to the ܿ-axis and in-plane 

responses. The patterns corresponding to ߪ- and ݆- responses have the same symmetry, but 

somewhat different shapes. A finite in-plane response only appears when the nonuniformity 
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of the mode along the ݖ direction is taken into account. Typical spatial patterns for ܿ-axis and 

in-plane response channels are illustrated in Figure A1 for three different modes. 

Note that the sum ࣬ఒషమ,ሺܚሻ  ࣬ఙೌ್,ሺܚሻ has a somewhat simpler presentation  

 ࣬ఒషమ,ሺܚሻ  ࣬ఙೌ್,ሺܚሻ ൌ ࣛܿଶห݃ܓ,หଶIm
ێێۏ
ۍێێ ೖమഊ൬ଵାೖమഊ൰షమ

൮ఠమఌିସగఠఙି మೖమభశೖమഊ൲మۑۑے
 ېۑۑ

 ൈ ൣ݇௫ଶsinଶሺ݇௫ݔሻcosଶ൫݇௬ݕ൯  ݇௬ଶcosଶሺ݇௫ݔሻsinଶ൫݇௬ݕ൯൧ 
 

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. 1 and 4 demonstrate 

that a composite mode is activated.  
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Figure 2 (Two-column figure, Color online only) 
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Figure 4 (Color online only) 
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Figure 5 (Color online only) 

 

  



Figure 6 (Color online only) 
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Figure A1 (Two-column figure, Color online only) 

 

 

 

  



Figure A2 (Two-column figure, Color online only) 

 

 

 
 

  



Figure A3 (Two-column figure, Color online only) 
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