PHYSICAL REVIEW B VOLUME 57, NUMBER 22 1 JUNE 1998-II

Tunneling spectroscopy with intrinsic Josephson junctions in BiSr,CaCu,Og, 5
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The paper presents a detailed discussion of the current-voltage characteristic of intrinsic Josephson junctions
in Bi,SrL,CaCyOg, s and ThBa,CaCuw04q, 5 IN these materials Josephson tunnel junctions are formed natu-
rally between adjacent superconducting Gullayers or trilayers. A typical sample consists of a stack of
Josephson junctions. We explicitly show that all junctions inside a given sample have identical tunneling
characteristics. We discuss the shdgeneral curvatupeof the current-voltage characteristic in terms of a
superconducting order parameter that has a predomiianf. symmetry. Thel R, product of the intrinsic
Josephson junctions turns out to be 2—-3 mV, about 10% of the maximum energy,gap The current-
voltage characteristic of every individual junction exhibits pronounced structures in the subgap regime. They
are best explained by a recently proposed resonant coupling mechanism between infrared active-axitical
phonons and oscillating Josephson curref86163-182608)00221-5

[. INTRODUCTION to what extent experimental data are consistent with this pic-
ture. A crucial question is whether standard tunneling for-

The high transition temperatureT§) superconductors Malism (see, e.g., Ref. 23can be applied to quasiparticle
form natural superconducting multilayers where the superfunneling between two adjacent superconducting multilayers.
conducting order parameter is periodically modulated along An important quantity for the characterization of Joseph-
the ¢ axis (perpendicular to the CuOlayers. At least in on tunnel junctions is the product of critical curréptand

. . . . normal state resistandg,,. For conventional tunnel junc-
highly anisotropic compounds such as,®,CaCyOs. tions|.R,=wA/2e (Ref. 29 (A being the energy gapFor

(BSCCQ or TI;Ba,CaCus010, 5 (TBCCO), the modulation 5 ¢_ayis Josephson tunnel junction between ttyo_,2 Su-

is strong enough that adjacent superconducting copper oXidgsrconductors,|.R, has been calculated to ba/e or
double or triple layers are only weakly coupled by the Jo-smaller?® Experimental data for comparison, however, are
sephson effect. This behavior can be directly observed igtill lacking.

c-axis transport measurements in sufficiently small The current-voltagel¢V) characteristics of tunnel junc-
samples 8 Every pair of adjacent copper oxide double or tions between conventional superconductors contain infor-
triple planes, together with the intervening nonsuperconductation about microscopic properties of the matefiaf. In

ing layers, forms an intrinsic Josephson junction, i.e., thdligh-T¢ superconductors it is extremely difficult to fabricate
whole crystal acts as a vertical stack of junctions. The ex{Unnel junctions with well-controlled properties. A number
perimental proof of intrinsic Josephson effédtscluded in- of preparation techniques have been reported that produce

S . .high quality junctions in BSCCO, for example, vacuum tun-
\{estlgatlons of the supercur_rent as a function of magn¢t|%e|ing spectroscopd~3! point contact spectroscopy; %
field and temperature, Shapiro steps, and Josephson micro-

wave emission. This provided a good understanding of th lanar junction geometrieS, *or break junctions** How-
) ' ? gh dielectr g ¢ Q?ver, tunneling experiments with such artificial tunnel struc-
c-axis supercurrents. In contrast, the dielectric properties of o5 effectively probe only the outermost few angstroms of

the intrinsic junctions and the physics of the quasiparticlgpe sample. Due to the short coherence length, any surface
current, which is intimately connected with the quasiparticleroyghness or surface degradation even on an atomic scale
density of states, are not well understood. As the supercorghscures intrinsic properties. In contrast, measurements of
ducting order parameter in BSCCO and TBCCO is known tothe properties of intrinsic Josephson junctions are insensitive
have predominantlyl,> 2 symmetryt’~*?intrinsic Joseph- to surface degradation and are able to probe the bulk of a
son junctions should be consideredcaaxis tunnel junctions sample layer by layer. A close investigation of structures on
between twad,2_y2 superconductors. It is of interest to test the quasiparticle branch of theV characteristic should,
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therefore, provide insight into the bulk properties of the ma-
terial that would otherwise be inaccessible.

The above considerations assume thatlthé character- (a)
istic of individual junctions in the stack is at most weakly
influenced by the presence of the other junctions. Adjacent
junctions can be inductively coupled by supercurrents flow-
ing along the superconducting layéfs:® This effect occurs
in large magnetic fields oriented parallel to the layers. On the
-V characteristic it leads to an additional voltage drop,
which is due to &collective motion of Josephson vortices.

The quasiparticle branch of individual junctions, however, (b)
remains unaffected. Moreover, in zero magnetic field and for
transport currents flowing perpendicular to the layers, screen-
ing currents and thus inductive coupling are negligibly small.
Another kind of coupling that is currently under
investigatiot®** may arise from the modification of the
chemical potentials of the superconducting layers due to th['g/Iesa cross section varies between x16 um? and 40
t_un_nellng of Cooper pairs. Its impact on the/ characteris- 49 um?. (b) Vertically structured TI filmg(step stacks Current

tic is currently unclear. However, we will ShOW tha.t the ef- flow in the circled region is perpendicular to the layers. The width
fect seems to be small at least for the geometries discussed ¢ the microbridge at the step varies betweem® and 24um.

this paper. The main features of th&/ characteristic of the pimensions are not to scale.

stack can be understood best if one assumes that the junc-

tions are independent. We discuss thaxis |-V character-  on LaAlO, substrates with pre-etched step edges. For the
istics of BSCCO and TBCCO samples. Since the experimentiim deposition, a precursor—post-anneal technique was
tal data for BSCCO and TBCCO are qualitatively similar, weysed*” The T, of the TI(2223 films was as high as 115 K.

will not always show the results for both compounds. Theror the preparation of intrinsic Josephson junctions, step
paper is organized as follows. Section Il presents samplgqges were patterned intd00LaAlO, substrates by ion
preparation and measurement techniques. In Sec. Il W8eam etching. These steps had heights of 400-500 nm and
show that the intrinsic junctions located in a given crystal allgjppe  angles between 60° and 75°. In contrast to

exhibit identical tunneling characteristics. We then COMparéBa,Cu0,_s step edge junctions, the very fast lateral
the tunneling characteristics of different samples to demonSpreading of the TR223 crystallites during film
strate reproducibility. Differences seem to depend only Onecrystallizatiofi leads to a platelike overgrowth at the sub-
the carrier concentration and critical temperature. Finally, Westrate step without a change in orientation. Choosing the sub-
compare the experimental data to a theoretical tunnelingyrate step to be higher than the film thickness leads to the
characteristic and determine thgR,, product. Section IV is  gesjred perpendicular current flow across the substrate step
devoted to the recently reported subgap structures ih-#he  [Fig. 1(b)]. After film deposition, microbridges of widths be-

L Au/Ni - wire - ;l\u-pads

c-axis transport

FIG. 1. (a) Sketch of BjSr,CaCyQg, s single crystal mesas.

characteristics of both materials. tween 3um and 24um were patterned into the samples
across the step, thus defining a stack of typically 100—200
Il EXPERIMENTS intrinsic junctions at the stef® Transport measurements

were made in a four-terminal configuration using indium
Measurements of thieV characteristics with the transport pressure contacts directly onto the TBCCO film.
current in thec direction have been performed with mesa To reduce the influence of external noise, low-pass filters
structures patterned on the surface of BSCCO singlevere used in the current and voltage leads. Some of the
crystals! and with step stacks fabricated on thin TBCCO measurements were performed in a shielded room. The dif-
films 2 ferential resistancdV/d| of thel-V characteristic was mea-
The BSCCO crystals were grown in an oxygen atmo-sured using a superimposed ac current and standard lock-in
sphere by the floating zone technidiieX-ray diffraction  technique. Experimental details of the microwave experi-
confirms that the crystals are single phas@B12, and en- ments are described in Ref. 1. The measurements in external
ergy dispersive x-ray analysis indicates a cation stoichiommagnetic fields were performed in a horizontal split coil al-
etry of approximately Bi:Sr:Ca:Ce 2.2:1.8:1.1:2° Using  lowing in situ orientation as described in Ref. 7. The orien-
either standard photolithography and Ar-ion etching ortation accuracy is better than 1°.
chemical wet etching in a HN@dilution (1:200, mesas of
16X 16 wm? up to 4040 um? across and of varying Il. GENERAL |-V CHARACTERISTIC
heights between 150 nm and 1200 nm were fabricated on the
a-b face of the crystal. BSCCO samples were measured in a Thel-V characteristic of an intrinsic junction stack exhib-
two-terminal configuration with low resistance gold contactsits a superconducting branch and a large number of branches
sputtered onto the freshly cleaveeb faces of the crystals in the resistive state. This structure can be explained by as-
[Fig. 1(@)]. The two-terminal configuration results in contact- suming that thd -V characteristic of every individual junc-
resistance in thé-V data, which has been subtracted for datation exhibits a superconducting and a resistive branch, simi-
evaluation. lar to the |-V characteristic of standard Josephson tunnel
The step stacks are made on TBCCO thin films depositeglinctions? If all junctions of anN junction stack can be
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-2 — these junctions have the same tunneling characteristics.

-10 -3 0 5 10 Recently, Machidat al. proposed an alternative explana-

tion for the appearance of the multiple valuddVv

FIG. 2. (a) First three branches of theV characteristic of a characteristic It is _Claimed that the multip_le branching is a
T1,Ba,Ca,Cu;010, 5 step stack with a total number of 130 junctions; consequence of dlffergnt collective longitudinal Josephson
(b) 1-V characteristics of an artificial three-junction Nb/AI-AlMIb plasma modes. For a given '_“0‘?'9 the total VOltage ac_ross ,the
stack. Arrows indicate voltage switching. stack V\{ogld not be equally dlstr|bqted among all junctions in
the resistive state, and also the different branches in-tie
characteristic would not be separated equidistditf This
is in contrast to our observatiorisf. Fig. 3. The existence
and the behavior of modes with well localized resistive re-
gions in the model proposed by Ref. 43 will be investigated
in a forthcoming publicatioA**® From our measurements
we conclude that the number of resistive junctions is not
important for determining the shape of the quasipartielé
characteristic. It is thus justified to consider the characteristic
Qf the first branch as being representative of all the junctions

and 6, where the existence of 130 branches in the resistiv eﬁ?iusrflziﬁ-re-rgaen ?ﬁgr']dt')séir:: f;?gg]% Ofut:; t;rrzzlc;hteusm?gf
state has been confirmed. After exceeding the critical current = e intrinsic Jose hsonp'unctiong ?similapr t0 the mul-
of an individual junction in the stack, tHeV characteristic g P J

exhibits a characteristic voltage jumyfy . For the Nb tunnel tiple valued |-V characteristic of a conventional Nb-
junctions, the jump is 2.5 mV for each junction. This is aboutJosephson junction stagkig. 2b)], where the coupling due

2Ale, the value expected for a standard SISto modifications of the chemical potentials certainly plays no

(superconductor-insulator-supercondugtdunnel junction. role. Note that with the assumption of independent junctions,

The voltage jump is approximately 27 mV in the TBCCO the location of resistive junctions relative to other resistive
step stacks, and about 22 mV in BSCCO mesas. This Valdgnctlons is completely undetermined. To what extend re-

corresponds to roughly 50% of\Ze 2241 The quasiparticle sidual interactions change this picture is presently unclear.
branch of the Nb tunnel junctions exhibits a nearly vertical
current rise at the gap voltage\2e. In contrast, the charac- A. |-V characteristic of individual junctions

teristics of the intrinsic junctions show a gradual current rise. A5 shown above, the resistive branches of different junc-
If the junctions in the stack are essentially equal and inyjons in a given sample are identical. In addition, junctions in
dependent, then at fixed bias current the voltage inntie  yitterent BSCCO samples show nearly identital charac-
branch should simply be times the voltage of the first gyistics. The curvature of the quasiparticle branch is seen in
branch, at least in the first few branches. In branches of intrinsic junctions and can be changed only slightly by
higher order(with high voltages and currensheating ef-  yoping. The first branch of theV characteristic of five dif-

fects could affect the quasiparticle characteri§ti@his is  ferent BSCCO mesa samplesee Fig. 48] clearly shows an
indeed the case, as we explicitly show in Fig. 3 by compargyponential dependence of the form

ing the first three branches of theV characteristic. The

voltages on the second and third branches have been scaled Vv

by a factor of 2 and 3, respectively, for comparison with the =] oexp( _) (1)
first branch. The three curves are identical, showing that Vo

switched into the resistive state individually, the totaV/
characteristic consists dfi+1 branches differing by the
number of junctions in the resistive statés an example,
Fig. 2 shows(a) the first three branches of theV charac-
teristic of an intrinsic junction staclBCCO step stack with
a total number of 130 junctionsnd for comparisotib) the
completel -V characteristic of an artificial threefold Nb Jo-
sephson junction stack, both at=4.2 K. The completé-V
characteristic of the step stack sample is shown in Refs.
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In the resistively shunted junctiai®RSJ) modef? the cur-
rent through a Josephson junction is given as the sum of the
supercurrent s, the quasiparticle currenty,, and the dis-
placement currenrty . In junctions with a highly hysteretic
V characteristic, as observed here, the resistive branch of the
|-V characteristic is completely dominated by the quasipar-
ticle current! The other two channels cause only minor de-
viations from the pure quasiparticle characteristic. As a con-
sequence, the explanation of the general curvature is reduced
to that of the quasiparticle tunneling characteristic.

At low temperatures the tunneling characteristic of the
intrinsic Josephson junctions in BSCCO as well as in TB-
CCO shows a high conductivity in the subgap reginve (
T <2A/e~50 mV). This is in contrast to a pure BCS-like

et density of states, which leads to a steep current rise in the
tunneling characteristic at a voltagé 2. In order to com-
pare our results to theory, the tunneling quasiparticle current
I (V) was calculated using the expression

T T T T T
[ 1=2uA - exp(U/6mV)

T

E . . ] I=% f N(E)N(E+eV)[f(E)—f(E+eV)]dE
1 S . l . i \ 1 (b).— (2)
9 10 15 20 25 given in Ref. 23. HereR, is the normal state resistance,
U (mV) f(E) the distribution function, andN(E) the normalized
density of states of the superconductors. Because of the ex-
FIG. 4. Low temperature scaling behavior of intrinsi/ char-  rémely small volume in the superconducting layers, it can
acteristics of(a) different BiLSKL,CaCyOg. ; mesa samples an@) P& argued that the quasiparticle tunneling current introduces
different TLBa,Ca,Cu;0s. 5 Step stack samples. I@) the first & significant nonequilibrium distribution in these layers. This
branch of thd -V characteristics of samples Z4gt5b, Z4gt5, Z4gtsc, Might cause deviations from the equilibriuV character-
D6*, and D7* (from bottom to top is plotted. For sample D7a istic and has been observed in artificial double-barrier tunnel
fit to Eq. (1) is displayed. In(b) the first branch of samples V40a1, junctions(see, for example, Ref. $2However, as a starting
V91cl, and V40a34from bottom to top is plotted. For sample point we will calculate the tunneling current with the Fermi
V91cl, a fit to Eq.1) is displayed. function for f(E). Both experiments probing the quasiparti-

h ¢ | d q ol he iunction size. Th cle excitation spectruM™° as well as phase sensitive
e prefactorl, depends mainly on the junction size. The o, nerimen9-22 provide increasing evidence that the order
extracted valued/, for the different samples are listed in

X ._parameter in highr; superconductors hakez_2 symmetry.
PThus for the normalized density of statd$E) we used the
M¥implified expression fod,_,2-wave superconductors,

between these two quantities would be interesting but ma

more samples need to be investigated for this purpose.
Thel-V characteristics of TBCCO step stack samples ap- 27 1 E

pear similar to thd -V characteristics of the BSCCO mesa N(E)=Re f —[ ]d¢, ®))

samples. Figure (®) shows the first resistive branch of three 0 27| JE®~[Aqcoq2¢)]?

different TBCCO step stack samples. The solid line T€Pres here o is the in-blane anale ifk space. The normalized

sents an exponential fit to Eql) for one of the TBCCO ng . fp 9 | P 05'%.

samples. Significant differences between fit and experimentaﬂ'wave ensity of states was evaluatedvia

data can be seen. For TBCCO, the experimentally observed 2 E E

[-V characteristics were not consistent with either an expo- - K(A_ . |El=Aq

nential dependence or a power law dependénoéshown. N(E) = 0 0 (4)
TABLE |I. BSCCO mesa samples, transition temperatirgs E K(ﬁ), |E|>A0

parameters/, derived with Eq.(1), critical currentsl., normal m E

state resistanceR, as determined from a fit according to E@)

with Ag—25 meV, and (R, products. with the complete elliptic integrak(x). We takeA, = 25

meV,sz% 3\éa!)ue that represents the mean of published
results?®=384041The tunneling current calculated from Eq.
S | T. (K) V V) | A) R, (Q IR V . . . .

ample  To (K) Vo (MV) TcMA) Ry (@) 1Ry (V) (2) is shown in Fig. a). We also included the measurbd/

D6* 80 5.22 3.54 0.56 2.0 characteristic of BSCCO sample Z4gt5. Note that the mea-
ZAgt5c 86 6.1 0.925 1.67 1.5 sured data are at bias currents below 2 mA. An enlargement
Z4gt5h 86 6.76 1.23 2.2 2.7 of this region is shown in Fig. (B) and will be discussed
ZAgts 86 6.73 1.71 1.85 3.1 below. At low voltages/<<A/e the theoretical -V charac-

D7* 87 6.53 10.6 0.17 1.8 teristic follows a power law® At the gap voltage &,/e

there is a transition to a linear dependence. The asymptotic
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40F ' ' ' ] T.. A similar comparison between theoretical tunneling
characteristic and experimental data for TBCCO is shown in
Fig. 5(c) with A;=25 meV andR,,=66.7 ().

The authors of Refs. 15 and 16 have also compared the
intrinsic |-V characteristic to a tunneling characteristic with a
d,2_,2 density of states. However, in these works the mea-
suredl-V curves used for the fits represented more than one
junction in the resistive state. In Ref. 16 th& characteris-
tic with five junctions in the resistive state is compared to the
calculated curve and comes close to our result for the single
junction. However, with only one junction in the resistive
state, thermal heating effects are minimized so that the mea-
sured characteristic offers a higher reliability. Furthermore,
in contrast to the analyses in Refs. 15 and 16, we did not
introduce an additional fitting parameter for a parallel leak-
age current.

The magnitude of the supercurrent is an important quan-
tity of the insulating barrier and should be related to its nor-
mal state resistanc®,,. The low temperaturé.R,, product
for a junction between two identicalwave superconductors
was calculated by Ambegaokar and Baratoff to h&,
=mwA/2e.?* The | R, product for ac-axis intrinsic Joseph-
son junction where the superconductors are modeled as iden-
A =25 meV tical d-wave superconductors is theoretically calculated to be

0 approximatelyA/e.?® Whereas the critical current can be de-
0 10 20 termined directly from experimental data, the normal state
U (mV) resistance is hard to access for a stack of junctions. The
reason is that usually many junctions switch to the resistive
state before the gap edge of the first junction is reached. The
o A authors of Ref. 16 were able to observe a transition to a
measured data of an intrinsic BSCCO juncti@ymbolg, and (b) H ear dependence at=285 mV with a stack of five intrin-

the same data on an expanded scale. For the calculation, a g i ! h d L h | f h
parameterA, = 25 meV was used. The dashed line indicates the>IC Junctions, hence determining the gap voltage for eac

asymptotic normal state resistarRg=1.85 Q. The| R, product Junction to be 2,/e=57 mV. This value is similar to that

is determined to be about 3.1 mi&) Comparison of the calculated Chosen as the input parameter for calculating the quasiparti-
tunneling characteristiesolid line, A ;=25 meV,R,=66.7 Q) toa  cle tunneling current earlier. Regarding the gap value, it

measured -V characteristic of an intrinsic TBCCO junctigsym-  Should be noted that in Ref. 11 a significantly smaller value

bols). Thel R, product is determined to be about 2.9 mV. of 2A/e=20-26 mV was proposed.

From our data on BSCCO mesas and TBCCO step stacks
normal state resistand®, is illustrated by the dashed line. It we can find a value foR, and hence R, by comparing the
should be noted that if the order parameter has a mixed synteasured part of the-V characteristic with one junction in
metry (e.g.,d+is) with a clearly predominand,2_,2 part,  the resistive state with the theoretical curve, as shown in Fig.
the guasiparticle tunneling characteristic is dominated by thé. For BSCCO sample Z4gt5 we get,=1.85 () [see Fig.
dy2_,2 part. Thus the presence of a smallvave component  5(b)] and thel ;R,, product can be estimated to be about 3.1
as observed by several authtr€>8can be neglected for mV ~A/8e, i.e., significantly smaller than the theoretically
our purpose. predicted valued/e. In the same manner we determined the

The comparison between the calculated tunneling charad+R, products for the other samples investigated. The results
teristic at low currents and the experimental data of a singléor the BSCCO samples vary between 1.5 mV and 3.1 mV
intrinsic Josephson junction in BSCCO is presented in Fig(cf. Table ) and are similar for TBCCO. The value of the
5(b). A reasonable agreement is achieved with= 25 meV  normal state resistand®, determined from Eq(2) clearly
andR,=1.85 (). The excess current at low voltages in the depends on the choice d&f,, the fitted valueR, decreasing
measured-V characteristic might partially arise from a con- for increasingA,. The majority of published values fax
tribution of rectified ac Josephson currents. As mentionedie between 25 meV and 30 meV. Taking the higher bound-
above, the calculated curve follows a power law. The experiary valueA;=30 meV causes the fitted values f@, and
mental observation of an exponentiaV characteristic in thusl R, to decrease to about 70% of the value determined
BSCCO[cf. Eq. (1)] might be caused by an increasing de-with A,=25 meV. Hence, the discrepancy between th&ory
viation from the equilibrium distribution functiorf,(E), at  andl.R, as determined from the measuref characteristic
high bias currents. The single junction normal state resisbecomes even larger.
tance R,=1.85 () corresponds to a-axis resistivity p The small values of R, are supported by an experiment
=31.5 O cm (taking the thickness of a single junction as 15in a different configuratior® In these experiments, several
A). This value is comparable to the value that would bePb electrodes were evaporated onto amd face of a
deduced from an extrapolation of theaxis resistivity above BSCCO single crystal in order to investigateaxis super-

i
i
Lo
!
i

[TBCco, Votel]

FIG. 5. (a) Calculated quasiparticle tunneling current for a junc-
tion between twal-wave superconductoksolid line) compared to
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FIG. 7. (@) 1-V characteristics of a mesa on a BSCCO single
0 50 U (mv) 100 crystal with only one junction in the resistive state at temperatures
T=4.2, 20, 30, 35, 38, 41, 45, 49, 51, 54, 58, and 65 K. For the

FIG. 6. I-V characteristic of a single intrinsic junction in a highest temperature the pronounced excess current is indi¢hjed.

BSCCO single crystal in series with a Pb/BSCCO junction@ra Calculatedl -V characteristics for the same set of temperatures be-

300 mV scale(inset shows sample geometrand (b) on a 20 mV tweenT=4.2 K andT=65 K. The temperature dependence of the
scale. Note the appearance of the Pb gaphin (c) Samel-V gap value was neglected. The dashed lines indicate the critical cur-

characteristic after numerical subtraction of the voltage across thEENt and the experimentally observed temperature dependence of

Pb/BSCCO junction. Solid line is the calculated quasiparticle tun-n® Switching voltage to the superconducting state.

neling characteristic between tvibwave superconductors with, ) ) ) o o
= 30 meV. tunneling cannot be investigated. A similar set of intririsic

V characteristics of a TBCCO step stack sample is shown in

currents between Pb and BSCGQHig. 6, insel. If the sur-  Fig. 8.

face of the BSCCO crystal were perfectly flat, the only volt- At low temperatures T<30 K) the quasiparticle branch
age drop would occur at the Pb/BSCCO interface. Howeverchanges only slowly with temperatufef. Fig. 7@]. At

due to growth steps underneath the Pb/BSCCO junctions, theigher temperatures it changes more rapidly. The critical cur-
real geometry consisted of “mesas” containing therentdecreases only slightly, but the hysteresis decreases rap-
Pb/BSCCO junction as well as a few intrinsic junctions. Inidly. In BSCCO, atT=65 K, the quasiparticle branch is
one experiment, thé-V characteristic of a single intrinsic almost linear but does not extrapolate to zero current at zero
junction in series with the Pb/BSCCO could be measured upoltage. The origin of this extrapolated excess current at zero
to 300 mV [Fig. 6(@)]. The critical current of the intrinsic

junction was 20uA [Fig. 6b)]. On a mA scale the gap | 150 —_—
structure of the intrinsic junction can clearly be sdé&ig. TBCCO. V40a34 48
6(a)]. The figure also clearly shows that the critical currentis (MA) l ' 0a3 42
highly suppressed relative to the gap edge. After correcting 100 | 58 =
for the voltage drop across the Pb/BSCCO junction, we find _ 18
reasonable agreement with thedRig. 6(c)]. For this junc- T=78K
tion we find R,=140 Q and thusl .R,~2.8 mV, in good 50 L _
agreement with our previous estimate. /4'/.
. ./
B. Temperature dependence of thé -V characteristic : —_——
P P e O 5 10 15 20 25
The temperature dependence of tHé characteristic of a U (mV)
BSCCO sample is shown in Fig.(8J. The temperatures
range fromT=4.2 K to 65 K. At higher temperatures tte FIG. 8. 1-V characteristics of a TBCCO step stack sample with

V characteristic is nonhysteretic and, due to the large contrienly one junction in the resistive state at temperatiltest.2, 18,
bution of rectified ac Josephson currents, pure quasiparticlés, 58, and 78 K.
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ing to the quasiparticle branch. This Josephson flux flow ef-
fect was investigated in detail by Hechtfiscleral.” Due to
Josephson vortex motion in junctions that have not switched
to the quasiparticle branch, there is an additional voltage
drop across the stack. This voltage adds to the pure tunneling
branches. For magnetic fields below 0.05 T the flux flow did
not occur. Thus, the three quasiparticle branches measured
for B=0, 0.01, and 0.05 T coincide completely. FBr
=0.1 T, flux flow occurs for currents larger than 0.6 mA
leading to a deviation of the quasiparticle branch at larger
current values. However, the part of the curve measured at
lower currents has not changed. The two curves measured at
0.3 and 0.5 T form a separate family of branches, but in
principle they exhibit the same shape. We attribute the ap-
pearance of two bundles of quasiparticle branches to the ob-
servation of two different junctions in the stack, i.e., at
higher fields another junction with a slightly different critical
current(due to inhomogeneities or trapped flug observed.
The curvature of thé-V characteristic is not affected by the
magnetic field, as expected for quasiparticle tunneling.

In the perpendicular field orientation the critical current
decreases much more rapidly with increasing field. The cur-
vature of the quasiparticle branch, however, is not affected.

IV. SUBGAP STRUCTURES IN THE |-V
CHARACTERISTIC

Well below the gap value 2;/e~ 50 mV, the quasipar-
ticle branches of the intrinsic Josephson junctions exhibit

voltage is unclear. According to a model by Blonder, Pronounced subgap structures. Figure 10 shows-thehar-
Tinkham, and KlapwijR® it could be argued to be due to acteristic of an intrinsic junction stack in BSCCO, the mag-
Andreev reflections inside the barrier between the two supemification of the low current region revealing the extremely

conductors.

regular subgap structures. First reports on these structures in

The experimentally observed temperature dependence cdirinsic junctions in BSCCO as well as TBCCO were pub-

also be compared to the calculated tunneling characteristidighed in Refs. 3—-5 and for the BSCCO compound indepen-
at higher temperatures. Figuréy shows the calculatety  dently by Yurgenset al'® The voltage position¥/§ and V3
characteristics of Eq(2) at different temperatures up fb  Of the two most pronounced structures are 6.15 mV and 8.05
=65 K. As experimental investigations of the temperaturemV in BSCCO(Refs. 4 and 1pand 7.5 mV and 9.6 mV in
dependence of the energy gap have shown that the gap val§BCCO? These main structures can be seen directly in the
is nearly constant up to about 0.8 % we have neglected |-V characteristidcf. Figs. 3, 4, 7, and J0and usually ex-

the temperature dependence of the gap in our calculations it a hysteresis. The apparent splitting of the structures in
well as the temperature dependence of the normal state reranches of higher order is a direct consequence of this hys-
sistanceR,,. The dashed lines indicate the critical currentteresis plus the assumption of independent stacked junctions,
and the experimentally observed temperature dependence & Will be shown in Sec. IV A. Additionally, less pronounced
the switching voltage to the superconducting state. The set §ftructures were observed in measurements of the differential
calculated -V characteristics reproduces qualitatively the ex-resistancedV/dl. This is discussed in Sec. IV B. For data
perimentally observed temperature dependence including tHvaluation we chose to define the minima in the differential

transition to a linear branch at higher temperatures. resistancedV/dl as the voltage positions of the less pro--
nounced structures. For the more pronounced hysteretic

structures the switching voltage provides a sharper criterion.
The differences between the two criteria were less than 0.1

As the quasiparticle branch is determind by the tunnelingnV (~1%).
current, it should not be affected by external magnetic fields. In order to assign an intensity to the structures, we defined
To orient the sample accurately we made use of the lock-ifthe intensity by the maximum excess current above the linear
transition, which is observed only in a very restricted angleextrapolated unperturbed characterigbackground current
range around the parallel orientatibm Figs. 9a) and 9b), (cf. Fig. 11). The intensities even of the most pronounced
the 1-V characteristics for field directions parallel and per-structures are not higher than a few percent of the critical
pendicular to the layers are plotted for different field current. For the ratio of the intensities of the two main struc-
strengths. For the parallel orientation, the superconductingqres in BSCCO at voltagé# = 6.15 mV andvj=8.05 mV,
branch shows a transition to finite voltages with a linearwe findAI"{‘:A?~3:5.
dependence before exceeding the critical current and switch- The voltage positions of the subgap structures inlthe

C. Magnetic field dependence of thd-V characteristic
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priately to allow a comparison between the different sized
samples.

We present the results of our investigation of these struc-
tures as a function of sample geometry and number of resis-
tive junctions (Secs. IV A and IV B, temperature(Sec.

IV C), magnetic field both parallel and perpendicular to the
layers(Sec. IV D), doping(Sec. IV B, and microwave prop-
erties (Secs. IVF and IV G The subsequent discussion
(Sec. IVH summarizes conventional explanations for the
structures and presents a theoretical model involving the in-
teraction between oscillating Josephson currents and infrared
active opticalc-axis phonons.

(b) A. Multiplicity of the subgap structures

0 ' 0_65 ' 011 ' 0.15 There are two hysteretic regions on each branch. On the
) first branch we observe two voltage jumps with increasing
bias current, at voltages denote@ andV? in Fig. 10c). In

3 i ncu /
L | J //// BSCCO,V2 = 6.15 mV andv? = 8.05 mV; in TBCCO,V?

yA
2y e = 7.5 mV and \ = 9.6 mV. On thenth branch, corre-
I y ,|_J _,,{/;_:_.;,..:_{ sponding ton junctions being resistive, there anehyster-
Tr T (T B i eses in each region. This can easily be explained by assum-
ol ViVI v vy . (c) ing that thel-V characteristic of each individual junction
0 0.01 0.02 0.03 consists of three sub-branches denoted™* b,” and “c”
U (V) in Fig. 100c). At voltages belowv5~2V$ on the second

branch both resistive junctions are on their sub-branah
FIG. 10. (a) I-V characteristic of a BSCCO mesa®t4.2 K.  After the first voltage jump one junction has switched to
Not all branches are traced out. With increasing number of resistivégranch ‘b,” and after the second jump both junctions are on
junctions, heating eﬁect_s cause a backbending of tlecurve. (b) their sub-branch b.” At \/ggz\/flJ first one and finally both
Enlargement of the region indicated &) showing the extremely ,nctions switch to ‘t.” The possible combinations of volt-
regular _structures in all branchés) The same data on an expanded ages with two resistive junctions having identi¢aV char-
scale with the sub-branches b, andc and the structure voltages acteristics are illustrated in Fig. 13. The combinations of
V2, V2, V3, andVj marked. o b o e
sub-branches 4, b,” and “c” appear as five distinct
o ) ) ) ) sub-branches da,” “ ab,” “ bb,” “ bc,” and “cc” in the
characteristics of all samples investigated are listed in Tablg,;o or combined -V characteristic. To verify this directly
. X 0 ' .
II. The scatter between different samples is less than 2/?rom the experimental data we compare the voltages of the

Moreover, T‘Ot only are the voltages absolutely repr OOIUCIbleexperimentally measured first branch with the voltage differ-
but so too is the curvature of the structures. This is demon-

strated in Fig. 12, where the first resistive branch oflthé ence between the first and second branebes Fig. 14 If

characteristics of two step stack samples on differen{he model in Fig. 1.3 s correct, thgse two branches should 'be
TBCCO films is plotted. The current axes are scaled appro?qu'valent' Referring to Fig. 14, it can_be_ seen that the dif-
ferences ‘aa”-" a” and “ab”-" b” coincide with “a,”
“bb”-* b”and “bc"-" c” with “ b,” and “cc”-" c¢” with
300 T T - T D ‘“c¢.” Thus the multiplicity of the subgap structures in the
I I n=2 branch is a simple consequence of possible voltage
~” combinations.
(rA) | /’ ] This is also the case for higher order branches. As an
f 1o e example, Fig. 15 shows the=22 branch where all 22 sub-
250 Lintensity AI,' branches due to the 22 possible voltage combinations can be
l oo BSCCO seen. To allow a direct comparison betweenrikel and the
) Z4gt5 n=22 branches, the measured voltages ofrtke22 branch
have been divided by 22 in the lower half of the figure. With
o T=42K this scaling, it can be seen that the series of sub-branches
200 o | . ) ) start at the same position for both branches. Similarly, we
7 8 9 10 observed in branch=50 a total number of 50 sub-branches
U (mV) starting from a voltage equal to %6 (Fig. 16. We conclude
that all junctions in the crystal show subgap structures and
FIG. 11. Part of a BSCCQ-V characteristic indicating the that their position is independent of the number of junctions
method used to assign an intensky to the subgap structures. in the resistive state.
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TABLE II. Properties of investigated samples including lateral sizes, critical temperatures, and voltage
positions of the two main subgap structured and V? of the different BjSr,CaCyOsg, s mesas and
TI,Ba,CaCus0,4, 5 Step stacks, respectively. The samples Z4gt5, -b, -c are three different mesas on top of
the same crystal annealed # h at 550 °C inair. Samples denoted by an asterisk were annealed for 10 h at

350 °C in air.
Bi,SrL,CaCyOg, s mesas
Sample Size gm?) T (K) V2 (mV) VP (mv)
D6a 40X 40 91 6.02+ 0.05 7.90= 0.05
D9b 20x 20 87 6.05x 0.05 7.97= 0.05
D6 20X 20 88 5.95+ 0.5 7.97+ 0.5
D6* 20 X 20 80 6.15+ 0.05 8.05+ 0.05
D1* 40 X 40 84 6.16+ 0.05 8.06+ 0.05
D7* 40 X 40 87 6.09+ 0.05 8.05+ 0.05
ZAgt5 16X 16 86 6.11+ 0.05 8.06+ 0.05
Z4gt5b 16X 16 86 6.11+ 0.05 8.06= 0.05
Z4gt5c 16X 16 86 6.10*+ 0.05 8.04= 0.05
TI,Ba,CaCus0,4. 5 Step stacks

Sample junction width gm) T. (K) Vi (mv) VP (mv)
V40al 10 109 7.43 0.2 9.65+ 0.2
V40a34 9 109 7.43: 0.05 9.60= 0.05
V75a12 12 108 7.65 0.05 9.65+ 0.05
V75b24 24 115 757 0.1 9.60* 0.1
V86¢c7 15 115 7.44+ 0.05 9.64+ 0.05
V91icl 5 114 7.54+ 0.05 9.71+ 0.05
V91c8 5 114 7.36+ 0.1 9.57+ 0.1

To establish that the structuresdtv/dl are not an arte-
Hact of the contact resistance, it is necessary to demonstrate

The less pronounced structures, although apparent in t X :
|-V characteristic, are revealed more clearly in measurethat the structures also appear in branches of higher order at

ments of the differential resistance. Figure 17 shows both th¥°ltages proportional to the branch number. The charac-

I-V characteristic and the differential resistance of the firsfe"iStic and differential resistance of the second and fifth
branch in a BSCCO mesa. The additional voltage due to th@@nch of a BSCCO mesa are plotted in Fig. 18. To allow a
contact resistance in measurements made in a two-termingPMmpParison, the voltage axes are scaled in the ratio 2:5. Note
configuration has been subtracted on the voltage axis. THEat the less pronounced structures appear to be nonhyster-

contact resistance also adds as an offset to the measurBi¢ @nd do not exhibit the splitting observed in the main
differential resistanceV/d!. This offset for thedV/dl data  Structures of the higher order branches. All structures in the

has not been subtracted. Therefore. the absolute valus€cond branch can also be seen in the fifth branch at voltages
should be interpreted carefully. ’ that are a factor of 5/2 times greater. This clearly shows that

the structures irdV/dl are not an artefact but again an in-

B. Less pronounced subgap structures

| T T T T T
| ' U | y
TBCCO a3l ¢ i 3L ¢
(nA) T=49K 415 | (mA)2 - b}/ ] (mA)2 I /
40 (hA) NS R N ¥
410 ol ol . |
o ] 0 10 20 0 10 20
20 L ) J U (mV) U (mv)
j T vete—° R
fasy 3 B T c ]
i - V40a3s . o ab\;fj}f _
5.0 7.5 10.0 12.5 15.0 — L y ]
U (mV)
0 [
0

FIG. 12. Comparison of the first resistive branch of th¥ 1% (m\%o
characteristics of two different TBCCO step stack samples in the
voltage range of pronounced subgap structures showing the ex- FIG. 13. The multiplicity of the subgap structures as a conse-

tremely good reproducibility of the resonant upturns. guence of possible voltage combinatiqsse text for explanation
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FIG. 14. Comparison of the voltages of the experimentally mea- U (mV)
sured first branch to the voltage difference between the first anu

second branches for BSCCO sample*DIhe sub-branch &da’-
“a” coincides with “a,” *“ ab”-*“ b” with *“ a,” *“ bb”-* b with
“b,” “ bc”-* ¢” with “ b,” and “cc”-" ¢” with “ c.”

FIG. 16. Branch No. 50 of a BSCCO mesa exhibiting a series of
50 sub-branches starting from a voltage equal t6/30

intrinsic Josephson junctions do not form a subharmonic se-
trinsic property of every junction. The minima in the differ- yjes. Also, their intensity would be expected to decrease rap-
ential resistance for these less pronounced structures togethgry with increasing ordem, i.e., with decreasing voltage,
with those of the main structures and the frequendies \yhich is not the case in the experiment. We therefore rule
=(2e/h)V of the corresponding ac Josephson currents argyt the above mentioned processes as explanations for the
listed in Table II. observed structures in tHeV characteristic.

There are several effects known to cause a series of struc- | the discussion that follows we consider only the main
tures in thel-V characteristics of Josephson junctions. Mul-gtryctures, where data evaluation can be performed with
tiple Andreev reflection® incoherent many particle higher accuracy.
tunneling® and Josephson self-detecfidrproduce struc-
tures at voltages that are connected to the gap voltage 2
via a subharmonic (b) series. However, the voltage posi-
tions of the structures observed in th&/ characteristic of

C. Temperature dependence of the subgap structures

If the voltages of the structures are related to the energy
gap of the superconducting state, a similar temperature de-
pendence can be expected for the two quantities. At least at
temperatures close M, where the gap decreases rapidly, the
7 voltage position of the structures should also show a clear

' : 202
BSCCO, Z4gts 10 15\ \Z\
| 300 (7 =4.2K, 22. branch 5. %\ :,

1
(uA) 2 i decrease. As can be seen in Fig. 7, the voltage positions of
H I 5101520 x the subgap structures remain unchanged up to about 50 K.
2001 '\ \ A i However, with increasing temperature the characteristic volt-
) age jumpV,. decreases much more rapidly and at abbut
e | =50 K it crosses the voltage of the subgap structuFeg.
(a)
100 ' : ' . . 20
150 %JO? v) ' ' '
m 100 3
e ! | durar
BSCCO, Z4gt (mA) Q
| 3001 ro42k 1(() )
(HA) 51
200 - |
off U1,hranch
£~ N U22.branch/22 (b) ]
100 P R N T T 0 . L . L L 0
5 6 7 8 9 10 0 10 15 20
U (mV) U (mV)

FIG. 15. (a) Selected area of theV characteristic of a BSCCO

subgap structuregb) As in (a) but with voltage values divided by

a factor of 22 to allow comparison to the=1 branch.

FIG. 17.1-V characteristi¢left scalg and differential resistance
mesa showing the=22 branch with the two regions of hysteretic (right scale of the first branch of BSCCO mesa B7In addition to
the main structures, several additional minima in the differential

resistance can be seen.
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T T T T T T T T 25 T T T T T
I :(a) BSCCO, Z4gt5 /_ 300 U o0l BSCCO (a)
2. branch, T=4.2K du/di B a
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FIG. 19. Voltage jumpV. and voltage position of the main
FIG. 18.1-V characteristi¢left scalg and differential resistance  structuresV; and VY in the I-V characteristic vs temperature for
(right scalé of (a) the second an¢b) fifth branch of BSCCO mesa two different BSCCO samples. For sample Z4gt5, a third structure
Z4gt5. The voltage axes are scaled by the ratio 2:5 in order to shoW§ at 11.6 mV was evaluated.
that the less pronounced structures also appear in all branches.

If the structures are caused by scattering processes with

19). If the voltage is increased above the characteristic voltthermally excited quasiparticles, the intensity should exhibit
ageV., the next junction switches into the resistive statea strong temperature dependence. This can be clearly ex-
making a further investigation of the structures impossible. cluded by the experimental data. However, this does not rule

A temperature increase only results in a decreased hysteput interaction mechanisms with quasiparticles such as
esis of the subgap structures. The intensity as defined in Figghonons, which are externally excited by the Josephson field
11 remains essentially constant, as shown in Fig. 20. If th@scillations, as will be discussed below.
structures are caused by a peak in the quasiparticle current —
e.g., due to subgap peaks in the density of stateshermal
smearing should manifest itself as a small decrease of the
intensity. Because of the data scattering, a slight decrease of If the structures are caused by geometric self-resonances
the intensity cannot be excluded. In the relevant temperaturef the supercurrent as, e.g., Fiske resondtiamszero field
range up to 50 K, the critical current also changes onlystepsS® the voltage position of these structures should be
slightly [Figs. 20c) and 2@d)], compatible with a possible inversely proportional to the junction width and, in the case
proportionality between intensity and critical current. of flux flow steps}’ the voltage should depend on the mag-

D. Magnetic field dependence of the subgap structures

TABLE Ill. Voltage positions of subgap structures in the/ characteristic of intrinsic junctions in
Bi,Sr,CaCyOg, s at T=4.2 K. The table shows the voltages of minima in the differential resistivity. In
measurements with sample D6a, we were able to detect additional structures at 3.13 mV and at higher
temperatures also at 1.68 mV and 2.57 mV. The last line displays the frequénckegV/h of the corre-
sponding ac Josephson currents.

Sample Minima in differential resistivitymV)

D1* 3.98 4.63 4.97 6.07 7.19 7.53 7.98 9.67 10.65 11.59 13.25
D6a 3.86 4.65 6.06 7.13 7.45 793 9.63 10.67 11.47 13.15
D6* 5.95 8.03 9.62 10.8 11.6

D7* 3.87 4.55 6.06 7.19 7.55 7.99 9.56 10.71 11.58 13.09
ZAgt5 3.77 4.58 4.99 6.06 7.22 7.50 8.00 9.63 10.65 11.81 13.27
f (THz) 1.87 1.98 2.38 2.97 3.47 3.63 3.89 4.65 5.17 5.60 6.38
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Al 60 g:zv&]%é?vv A;b vI ;:‘vvvl VA'|b 140 4 15 —— —
WA FRLE T B T Pe | |BScco
30 raageadpes 4 e, — 20 (€2cm) D6
| I i 10 b _
D6* Z4gts (b)
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0 40 80 O 40 80 1
T(K) T(K) 5
L \__-—-—-—""’—":
le b ———— 6 I, annealed
(mA) (e, () i-,'!&'(-—m(d) (mA)
4L ’.\ i L .,‘_ 3 ol i
D6* Y1 [[zags] A 0 50 100 150 200
0 A 1 A | . 8%/ 0 T (K)
0 40 80 O 40 80
T (K) T (K) FIG. 22. Temperature dependence of thaxis resistivityp. of

BSCCO sample D6 as grown and after annealing in air. Critical
FIG. 20. IntensityAl vs temperature for the two main structures temperatures are 88 s grown and 80 K(annealed
atvi andV*{ in BSCCO samples D6 and Z4gt5a),(b) and critical
current of the majority of the junctions in the stack vs temperature  The jntensity of the structures with external magnetic field
for the same samples),(d). is plotted in Figs. 2(c) and 21d) for the parallel and per-
nitude of the applied magnetic field parallel to the superconpen(;j"f?“laéi f_|el(|j:_0r|e1nltat|on, resgefctlvily.(fgam, thle crlterl(l):n
ducting layerd? The |-V characteristics in different mag- as detined in +1g. was used for the data evaluation. For
tic field ’ h in Fio. 9. Th it i fth both field orientations, neither a clear increase nor a decrease
gterulitlﬁessr\gr?qr:ir?s (i:v(\;?]sl?an![g.as. i :xV?ic?c?esr?j\:vlr??noFi iin the intensity can be observed. For comparison we show
. . plicitly 9Sthe maximum supercurrent for both field orientations in parts
21(a) and. 21b) for different f'eld _strengths. Hence, together (e) and (f) of Fig. 21. In contrast to the intensity of the
with the independence on junction wid(f. Table 10, we ubgap structures, the supercurrent is significantly sup-
conclude that the structures are not due to geometric sel Sressed by the magnetic field
resonances of the supercurrent. '

e 10 ——F——— b1 J; T ] 10 U:,b E. Doping dependence of the subgap structures
(m\1/) j—ui:z:i .ii—i:i:i 1 (mv) In order to check the dependence of the subgap structures
5F a_ L als on the oxygen doping in the barrier, i.e., for BSCCO in the
[ 1 i 1 BiO layers, we have investigated the structures for BSCCO
j (a) r |BLab (b) 1 crystals under different annealing conditions. Because of the
0L . 1. — L .1 10 layered crystal structure of the materials investigated, one
00 02 O'S TO'G 0.00 O-OS (T()MO might argue that resonant tunneling proce¥sesuld be the
(M origin of the structures. 'Iégis effect has been observed in
ab — T ~ —T semiconductor superlatticésfor example. The voltage po-
Al"20 g/v g 420 A1?®  sition of resonant tunneling structures in th¥ characteris-
(WA) v A VN p (WA) tic will be sensitive to the height of the potential barrier of
10 / i X 410 the tunnel junction. In BSCCO our annealing process intro-
';"ab ] ‘\A\ f 9 duces excess oxygen in the BiO layers, and therefore
0 L (9) L (. ) 0 changes to the barrier potential can be expected.
00 02 04 06 000 0.05 0.10 The result of the annealing process is shown in Fig. 22 by
B(T) B(T) the temperature dependence of thaxis resistivityp. be-
—

fore and after annealing. The as-grown sample D6 With
=88 K had a critical current densify=660 A/cnf and the

(mA) - structures in thé-V characteristic were weak and nonhyster-
L ] L 1 etic. After oxygen doping by annealing in ab6*), the
1} 3 L critical current density was raised to 1630 A/€rand the
3 1 L 1 critical temperature of the now overdoped sample lowered to

S| £ 1 L L ] 2 | 0
0.0 02 04 06 000 005 0.10
B (T) B (T)

80 K. The subgap structures became significantly more pro-
nounced. Importantly, however, the structures still occur at
the same voltages within experimental uncertaiiefy Table

FIG. 21. (a) and (b) Voltage position of the main structures in 11). Thus we conclude that the observed structures in the
BSCCO vs magnetic field for field orientation parallel and perpen-intrinsic I-V characteristic are not caused by resonant tunnel-
dicular to the layers. The intensities are showr(dnand (d). (¢)  ing processes via localized states in the barrier.
and (f) show the critical current for the orientation parallel and  The possibility that the structures are related to supercon-
perpendicular to the field, respectively. ductivity in the BiO layers, apparently observed in the highly
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o . FIG. 24. Current(a), differential resistanceb), and detected
branch of a TBCCO step stack and detected microwave powey75312.

(right scale. (b) 1-V characteristi¢left scalg of the 37th branch of

a BSCCO mesa and detected microwave powight scal¢. Seidel et al*? Figure 25 shows thé-V characteristic of a

overdoped stat& is also ruled out by the insensitivity of the BSCCO mesa with and without microwave irradiation of fre-
voltage positions of the structures to different doping statesquencyf ;=8.16 GHz. It can clearly be seen that under irra-
diation each subgap structure splits into a pair of two struc-
tures. The first one appears at a lower voltage than the
perturbed structure, the second one at a higher voltage.
e voltage positions of the splitted structures are plotted
ﬁgainst the square root of the applied microwave pdwer

F. Microwave emission at the subgap structures

In the voltage range of the subgap structures we detecte#fr‘]
microwave emission at a frequenéy11.3 GHz, which is

about three orders of magnitude below the Josephson oscth inset of Fig. 25. Th it tion betw th lit
lation frequencyf=(2e/h)V~3—4 THz. An example is €Inset ot Fig. 25. 1he voltage separation between the spiit-

shown in Fig. 28a), where the first two branches of a ted structures depends linearly ¢R®. With sufficient micro-

TBCCO step stack are plotted together with the detected/@ve power the splitting can even lead to a crossing of the
microwave signal. The detected power increased with an inYeltéges of the subgap structures.

creasing number of junctions in the resistive state. For 1he splitting and shifting of the subgap structures can
BSCCO sample Z4gt5 we were unable to detect microwav&aSily be explained by the strong nonlinearity of th¥
emission in the first resistive branches, but in branches gfharacteristic near the subgap structure. Since the frequency

higher order with a larger number of resistive junctions mi-Of the external microwave field is much smaller than the
crowave emission was observed. Figuréi23hows branch

number 37 together with two microwave emission peaks I BSCCO, Déa '0 IW =
clearly related to the two groups of subgap structures. The 0.2 " T=4.2K m -
actual location of these emission peaks is correlated to the (mA) = 8.16 GHz ',.-"'
position of the peaks in the differential resistance. This is 0.1L N /1_3 mw
demonstrated in Fig. 24, where th&/ characteristida), the = '

differential resistancéb), and the detected microwave power I 7 /g L B
(c) are plotted. The observed relation between microwave 00} o Zs ]
emission and differential resistance can be explained in terms |- 3

of thermal fluctuations of the current. At points in th&/ 0.1 L |7 B 'I pos
characteristic with high differential resistance, the voltage : 4 6 8 10 12
fluctuations caused by thermal fluctuations of the current are

amplified and lead to an enhanced microwave emisSion. U (mV)

FIG. 25.1-V characteristic of a BSCCO mesa with and without
microwave irradiation. Curves are shifted vertically for clarity. Inset
Under microwave irradiation, the voltage position of the shows the voltage positions of the splitted strucMters the square

subgap structures shifts, as reported recently for TBCCO byoot of the applied microwave power.

G. Microwave absorption at the subgap structures
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frequency of the Josephson oscillations, the irradiation corinvariant phase difference is related to the space averaged
responds to an ac bias currdnpt acting on thel-V curve  electric fieldE in the barrier of thicknesk by the Josephson
around the dc bias poinly,. As a consequence, the external relation

current

. 2eb
I=1(t)=1g+ 1 sin(27f5t) (5) y=TE. (8)

changes almost adiabatically and the system follows th
(bare 1-V curve without microwave irradiation almost im-
mediately. Thereby the dc component

pStructures in thé-V characteristic might arise due to any of
the three contributing channels in E(). First, geometric
self-resonances of the supercurrent were excluded in Sec.
1 d2v _IV D _becaL_lse the experimental resu_lts are independent of the
Vo= (VIO =V(Ig)+= —| ((4())?+--- (6) lunction width and external magnetic fields. Second, effects
2 d1? | in the quasiparticle current causing structures in thé
characteristic such &§) multiple Andreev reflection(ii) in-
of the voltageV(t) differs from the valueV(l,) in the au-  coherent many particle tunnelingij ) resonant tunneling via
tonomous case due to the nonlinearity of th&/ curve. localized states in the barrier, Gv) absorption processes of
Thus, for a given bias curreh§ the measured dc voltage will thermally excited quasiparticles such as phonons were ex-
be altered because of rectified ac voltages. cluded by different arguments discussed abgveln Ref. 4,

We first discuss the situation with a measured dc voltag@n alternative model related to the layered structure was dis-
Vg smaller than the unperturbed structure voltage. As longussed. For superconductors with a periodically modulated
as the voltag®/(t) is small enough such that the unperturbedsuperconducting order parameter, the quasiparticle density of
voltage of the structure is not reached during an ac cycleStates is predicted to be quite different from that of a homo-
rectification should not lead to specific structures. With in-geneous BCS superconductér” Special features are a sub-
creasing voltage/y., however, the situation is changed as 9ap peak and a modulation of the density of states at energies
soon asV(t) reaches the unperturbed structure voltage dur@bove the gap. Such a modulation was experimentally ob-
ing an ac cycle. Now a structure occurs at the measured dgerved in the differential conductivity of BSCCO point con-
voltageV_ . With increasing ac currert this voltageV.  tact junctiong> “and interpreted in a similar model as com--
shifts to smaller voltages, further away from the unperturbed?ound geometrical resonances. A subgap peak in the density
structure voltage. of states can result in a peak in the tunneling current given

Similar arguments can be applied for dc voltageg P Eq.(2) and could thus in principle explain the occurrence
larger than the unperturbed structure voltage. \Witgt)  Of structures in thd-V character!sné. The energy position
reaching the unperturbed structure voltage during an a€f the subgap peaks in the density of states is predicted to be
cycle, a structure occurs at the measured dc voltdge ~ constant over a wide temperature rarigedowever, one
With increasing ac curreni this voltageV-. shifts to larger ~Would expect at least a small temperature dependence, i.e., a
voltages, further away from the unperturbed structure voltSmall voltage shift of the structures. Therefore, the absolute
age. Thus, the subgap structure splits into two structuredhdependence of the voltage position of the subgap structures
which separate from each other with increasing microwavé@Pserved in out -V characteristic is hard to explain in this
power. model. Also, a quantitative calculation including the material

We will show a numerical simulation of this rectification Parameters of the higl; superconductors has to show
effect in the next section, where the origin of the unperturbedvhether the energy positions of this subgap peaks in the
structures itself is discussed in the framework of an extendef€nsity of states are compatible with the voltage position of
RSJ model. However, it should be noted that the explanatiofe observed structures in the/ characteristic.
of the experimental observations under microwave irradia- Our conclusion is that out of five quasiparticle effects

tion is not related to a specific model for the origin of the causing structures in theV characteristic the models)—
unperturbed structure. (iv) can be excluded and the mode) seems to be question-

able.
Third, resonances in the displacement curigmemain to
be considered. Recently, a natural explanation for the subgap
Although all observed structures show similar parametestructures in the intrinsit-V characteristic was proposed by
dependence, they are not necessarily all caused by the samelm et al.”® by taking into account the coupling between
effect. Nevertheless, it seems to be reasonable to look for iafrared activec-axis phonons and Josephson oscillations.
single explanation covering all observed structures. In thé\ote that in the relevant frequency range of several T¢dz
framework of the RSJ model, the total currdntls+1lq,  Table ), infrared activec-axis phonons were observed ex-
+14 in a Josephson junction is given by the sum of theperimentally and calculated theoretically for both BSCCO
supercurrent 5, the quasiparticle currerlt,, and the dis- (Ref. 74 and TBCCO® The (averagg electric field in the

0

H. Discussion of the subgap structures

placement currenity. Thus the current density is junction polarizes the ions of chargein the barrier. This is
. illustrated on the right side of Fig. 26, where the layers in the
j=jcSin(y)+cE+D, (7) Bi,Sr,CaCyOg crystal structure are denoted as supercon-

o N ) ) ductors and insulators, respectively. Due to the ac Josephson
wherej is the critical current densityr the electrical con-  current, the average electric field has an oscillating compo-
ductivity, andD the displacement current density. The gaugenent forcing the ions to oscillate. A displacemenbf the
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or (13

Superconducto

ng’ # .

) ..
— ——y=wiP+rP+P.
M Zeby wgP+rP+P

In this model the contribution of the oscillator to the di-
electric function is given by

Superconduct 2

CU = = S(UO
Insulator N 6( (1)) =€t 2 2_ !

; N (Ol Ol | O]

(14

Super&onducto

whereS=ng?/(e,M w?) is the oscillator strength of the pho-

insulator e non ande.. includes all other contributions to the polarizabil-

I ity of the barrier. In this form it is straightforward to gener-

alize the calculation to several phonon branches and more
FIG. 26. Left side: model of intrinsic Josephson junctions in general lattice d.ynam|cal mpdels.

layered superconductors. Right side: sketch of the ionic displace- The system is characterized by the resonance frequency

2
ment in the presence of an electric field in the Josephson junctiorf?o,  the  bare  Josephson plasma frequency;
=2ebj./(hey), and a characteristic frequencyw,

ions in the barrier induces a polarizatiBrand influences the =(2e/%)V., V, being the voltage at the critical current den-
equation of motion for the Josephson current via the lassity j.. In our casew;<wy<w. and the McCumber param-

Superconductol

term in Eq.(7). eter B.= w?/(w3le,) is large. Note that now,# w o but
We describe the displacemenbf the ions with mas$ the zeros of the phonon dielectric function are still exactly at
by a simple oscillator the LO eigenfrequencies, o .

With the Josephson relatidi®) in Eq. (7) we obtain to-
) gether with Eq.(13) a coupled set of differential equations
for the phase difference and the polarization amplitude,
which can be solved numerically. By calculating the time
average oV (t)=E(t)/b for different dc bias current densi-
tiesj, thel-V characteristic including the effect of the oscil-
lating ions is obtained.

From the numerical results it turns out that both the phase
I_y(t) and the polarizatiorP(t) oscillate primarily with one
frequency, which is in agreement with general expectations
for the RSJ model with largg..>* Therefore, neglecting
I'ﬁgher harmonics we use the ansatz

q .
o Eloc= wioz+rz+2,

with the oscillator eigenfrequenay, o and damping factor
modeling the dispersion in thedirection.

Note that the driving force for the oscillator is given by
the local electric fieldg,; at the position of the ion resulting
from the charge fluctuations between the Gud&yers due to
the Josephson coupling. All other Coulomb forces are al
ready taken into account in the eigenfrequengy, of the
lattice dynamics. Because we are considering a system that
homogeneous along the and y direction (parallel to the
CuG, layers, the lattice vibrations only have a dispersion
along thez axis and therefore only longitudinal optical
phonons with eigenvectors in tleedirection are excited.

The displacemenD contains the ionic polarizatioR in

y= 7yt vt+ y,Sin wt, (15

the barrier: Herew is the time averaged phase velocity corresponding to
D= eoE+ P = egeE. (10) the dc vqltaga;=<v>_2e/ﬁ in the resistive state.
_ o _ The different Fourier components of the equations of mo-
With the ionic densityn we haveP=nqgz and tion are obtained by the Bessel function expansion
N 2prbp (11) <
M leeT “Lo ' siny(h= 2 Jn(y)sin(yo+ot+net). (17
n=—oo

By considering the Cu@layers as two-dimensional su-
perconductors, the local electric fielt},. and the space av-
eraged electric fiel&€=1/b[E(z)dz are related by

The Josephson current contributes to the dc current only, if
v+nw=0 (n=—1 corresponding to the leading harmonic
Using this ansatz in the differential equatidi$ and(13) we
obtain a set of equations for the amplitudes of the different

Eioe=E+ —P. (12 Fourier components. As E¢L3) is linear in the polarization
€p .. . . .
P, we can eliminate the polarizatidghand get an equation of
With this equation we can write E411) as motion for the phase oscillation alone:

ng? , ng? L. w)\?
= Meo P+rP+P 0=[Jo(y1) —Jo(y1)]cosyo— w0, €171, (18
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. 1 »)\? o, 0.6 —
0=J1(y1)sin ot 5 oo et (19 | . numerical result
J 0 (MA) | — analytical result
i=iqV)—Jeds(72)sin 7o, (20) 04 - experiment !
wheree,, €, are the real and imaginary part of the phonon g
dielectric function(14), respectively. 0.2 e -
As the numerical solution of Eg$7) and(13) shows that I |
v,<0.1, Egs.(18)—(20) can be linearized i, and an ana- 0.0 (a) BSCCO
lytical formula for thel-V characteristic can be obtained: . S —
vt 4 6 8 10 12 14
oz U (mV)
2 €t —
) ) ) ) 1 [w; wey | 15 — T T
J(V)=Jqp(V)+AJ(V)=Jqp(V)+EJC o o 12 + numerical result
fi"‘ 524——) (HA) [ — analytical result
we(021) 10 L . experiment -
. 1 (o 2 1 L ]
=Jqp<V>—51c(—) im| = (22 >
w e(w) | w
(b) TBCCO
with €= e, +i(ey+ o/ wey) andw=(2e/h)V. oL e
Taking into account the second harmonic in the ansatz 4 6 8 10 12 14
(15) and(16), we obtain for the -V curve instead of Eq22) U (mV)
FIG. 27. Comparison between measured and numerically calcu-
1 2 1 lated 1-V characteristic for BSCC@a) and TBCCO(b). The pa-
iV)=ig(V)— =] (ﬂ) Im ) rameter used for the simulation af@ for BSCCO: 8,=800, vq;
w2 e - 1 ol ~2.80 THz,S,=1.35,1,=0.08 THz, vo,=3.62 THz,S,=15,
e(w)— EW r,=0.05 THz,vq3=4.91 THz,S;=1.65,r;=0.2 THz,€,=7.5;
w € w

and (b) for TBCCO: B,=375, v9,=3.28 THz, $;=2.87, r;
(23 =0.4 THz,v,=4.45 THz,S,=0.68,r,=0.2 THz, e, =8.45.

Higher harmonics turn out to be corrections in higher or-are v o ;=3.65 THz andv g ,=4.70 THz for TBCCO and
ders of ;/w)* and are therefore negligible for large values v, o 1= 2.96 THz,v 5 ,=3.90 THz, andv o 3=5.71 THz for
of the McCumber paramet@ > 1. For much smaller values BSCCO(cf. Table III).
of the McCumber parametepf~1), small structures inthe  wjith the help of the analytical relations derived above,
|-V characteristic at exactly half of the LO eigenfrequencysome special points of thieV characteristid (V) near the
appear due to the second harmonic. subgap structures can be identified.

A comparison between the measured data and the numeri- (i) For small voltagesw<w,, one getse(w)~e(0)
cally and analytically calculatehV characteristic is shown —const and the model reduces to the conventional RSJ

in Fig. 27. In orderlto re_produce th? experimental data in fl.J"[nodeI. For this it is well knowil that atV p,~4w;/m there
detail, for the quasiparticle current in BSCCO an exponential .
Is a voltage jump to the zero voltage state.

behavior . . .
(i) At the resonancev= w, of the phononic oscillator,

_ y—1 both the real and the imaginary part efare strongly en-
J e y)zjcexp( —) (24)  hanced and thé-V characteristic in Eq(22) reduces to the
Ub quasiparticle term. This corresponds to a pure quasiparticle
and in TBCCO tunneling current across the junction, while the supercurrent
and the displacement current are compensating each other
2) (cf. Fig. 28.
j ol '3,)= jc—y. (25) (iii) In contrast to the latter, E§22) indicates a resonance
1—vy in 1(V) near the zeros ofy, i.e., the eigenfrequencies o of
1+exp( ) longitudinal optical phonons(cf. Fig. 28. The difference
Aw =w o~ wny betweenw o and the actual maximum
is assumed. For the used parameters no influence of then.0f (V) is due to the quasiparticle and phonon damping
higher harmonics on theV curve is observed, as expected and can be estimated asv<<2%. Physically this voltage is
from the discussion above. The prediction for the eigenfreconnected with an oscillation of the electric fidldand the

quenciesy o= w o(k=0)/(27) of the longitudinal optical polarizationP with vanishing displacement current density
phonons at the most pronounced structures in both material3.

Up
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| ! 06 ——1—— Bnalytical result
P qp(v) di/du {a) BSCCO: | . numerical result
L 1 04} I |- experiment |
1 " - X J
| €@ 0.2
L 0.0 b=
(v oo I
- : l -0.2
# |

@ (OLO -0.44

FIG. 28. Sketch of a quasiparticleV characteristid 4(V), a
structure in the total-V characteristid (V), and the relevant pho-
non frequencies, and w g -

With the help of Eq.(22), also an analytical formula for
the intensity,

Al Al h ) 1( wJ)Z le
max *= Z_wLO = 2\ o
© “Lo (ez(w,_o)+ -10 analytical resullt . N
€W o | + numerical result ’ j
, 15 L experiment, | |
! ﬂ) L, 20 4 6 8 10 12 14
2 w0 E(wLo) ¢’ U (mV)

of the subgap structures can be derived. Thereby it turns out FIG. 29. Experimentalcircles, numerical(crosses and ana-
that a small damping parameter corresponding to a weak Iytical results (solid line) for the differential conductivity of
coupling of interlayer ions in neighboring contacts or equiva-BSCCO(a) and TBCCO(b). The parameters used in the simulation
lently the small dispersion of the phonons in thdirection, are given in Fig. 27. The experimental data are calculated as differ-
is crucial for the existence of a hysteretic region; no maxi-ences between adjacent measurad data.

mum of I (V) can be found for =r ;= w o— wq. Also note

that the intensity is proportional to the critical currdRt,  can be reproduced in a numerical simulation, which is shown
which is compatible with the experimental data presented ifin Fig. 30. Thereby the hysteresis of the subgap structures
Sec. IV C. vanishes and the separation of the two maxima increases

In addition to this, the differential conductiviyl/dV can  with increasing microwave power.
be derived, which is plotted in Fig. 29 together with the This extended RSJ model including the interaction of the
experimental result. Note that there exists a region of negapscillating current with infrared active opticat-axis
tive differential conductivity for voltage¥ slightly larger  phonons provides a simple and natural explanation for the
than (:/2e)w o, which cannot be reached in a current- subgap structures. There are at least two reasons why such an
biased experiment with a continously increasidgcreasing  interaction was never before observed experimentally in
bias current. The extrema of the differential resistivity at theother kinds of Josephson junctions. First, the intrinsic junc-
subgap structures are the reasons for a significantly enhancedns are perfectly epitaxial layer by layer and therefore pro-
microwave emission at low frequencies near the maxima of
the |-V characteristic, as reported in Sec. IV F.

Also the properties of the model under microwave irradia-
tion (cf. Sec. IV G have been investigated for external fre-
guenciesw; small compared with the Josephson plasma fre-
quency @ <wj). With the modified ansatz

| (arb. units)

Y(t) = yo+ wt+ y18i(wt) + yysinwt+ ¢),  (27)

the |-V characteristic is given by

), 28 03 04 05 06
U(arb. units)

It is seen that the intensity of the structures decreases with 5 30 Numerical simulation of thé-V characteristic with
increasing external rf fields due to the well-known reductionicrowave irradiation. Solid curve shows the unperturbied

of the plasma frequenay3 o= w3Jo( ) oOr the critical cur-  cyrve, dashed and dotted cuvehifted down for clarity show! -V

rentj., respectively. The splitting of each subgap resonanceurves for different ac amplitudeslashed) ,.=0.09 . ; dotted, 5

into two maxima on thé-V curve, as discussed in Sec. IV G, =0.1,).

. . 1_ (OF] 2 1
J(V)—Jqp(V)_EJc(;> Jo(yt)Im ;(—w)
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vide the basis for well defined lattice vibrations. Second,curvature (without subgap structurgsof the quasiparticle
there are weakly damped, infrared active phonons well bebranch can be explained bydg._.-wave density of states
low the gap in highF. superconductors. The model explains for the superconductors in the Cy@lanes and the standard
the independence of the voltage positions on temperaturéyunneling formalism. Theé.R,, product of the intrinsic junc-
magnetic field, geometry, and the number of resistive junctions was determined to be about 2—3 meV for both materi-
tions as the phonon frequencies are insensitive to these quaals and is significantly smaller than predicted theoretically.
tities. It also explains the nearly constant value of the inten- At voltages well below the gap, pronounced subgap struc-
sity in the temperature range up ©=50 K, where the tures were observed in the-V characteristics of
critical current decreases only slightly. It should be emphaBi,Sr,CaCyOg., 5 as well as TJBa,CaCu;O;q. 5. The volt-
sized that not all structures are necessarily caused by thege positions of these structures are independent of tempera-
same mechanism, i.e., a different mechanism for the apture, sample geometry, magnetic fidldirected either per-
pearence of some less pronounced structures is possible. Thendicular or parallel to the laygrsand independent of the
measured voltage position of the structures as listed in Tableumber of junctions in the resistive state. In principle, the
[l for BSCCO allow us to determine tharecisevalue of the  structures can be explained by subgap peaks in the density of
longitudinal phonon frequencies, . The validity of the states theoretically proposed for superconducting superlat-
model can easily be checked with precise data for opticalices. However, the alternative explanation based on an in-
phonons. In fact, the relevant infrared active modes are exeraction between infrared active opticabxis phonons and
pected and observed in the frequency range of the subgajmsephson ac currents would seem to provide a more natural
structures’>"® However, the discrepancies between the dif-explanation for the occurrence and behavior of at least the
ferent sources are considerably higher than the mutual devimost pronounced structures. If the coupling between
tion of our experimental data for all samples investigated. phonons and Josephson currents is indeed the mechanism

The model can be generalized to a model describing @esponsible for the subgap structures, then the results pre-
stack of Josephson junctions coupled due to phonons. Alsgented in this paper would represent an experimental obser-
the additional coupling due to the effect recently proposed byation of a new high frequency effect in Josephson junctions.
Machidaet al*® can be incorporated without any qualitative Furthermore, the provided data for these structures can help
changes in the main resufts. to determine phonon frequencies and oscillator strengths

with high precision.
V. CONCLUSIONS
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