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Probing the collective Josephson plasma resonance in Bi2Sr2CaCu2O81y

by W-band-mixing experiments

W. Walkenhorst, G. Hechtfischer, S. Schlo¨tzer, R. Kleiner, and P. Mu¨ller
Physikalisches Institut III, Universita¨t Erlangen-Nu¨rnberg, D-91058 Erlangen, Germany

~Received 25 April 1997!

We report onW-band-mixing experiments with mesa structures patterned on top of Bi2Sr2CaCu2O81y single
crystals. Due to the intrinsic Josephson effect the mixing process could be observed. There is a steep increase
of the mixing intensity when the bias current approaches the critical current. We show that the mixing response
is related to the excitation of the collective Josephson plasma resonance. In magnetic fields we observed a
decrease of the Josephson plasma frequency. From this dependence we were able to estimate the frequency of
the Josephson plasma resonance for zero bias and zero field ranging from 105 to 220 GHz.
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I. INTRODUCTION

Due to their large gap voltages high-temperature sup
conductors are promising candidates for high-frequency
plications in the THz regime.1 Therefore, it is highly desir-
able to study high-frequency properties and especi
collective behavior of oscillating charges. In a single Jose
son junction the collective oscillation of Cooper pairs h
been predicted by Josephson2 and was found experimentall
by Dahmet al.3 in a point contact. This collective mode
known as Josephson plasma resonance. The intrinsic Jos
son effect in Bi2Sr2CaCu2O81y provides closely packed Jo
sephson junctions.4 Therefore, the Cooper-pairs are suppos
to oscillate not only across one single junction but cohere
should extend over the whole stack. In layered Joseph
junctions this collective mode has been predicted by Tac
et al.5 and is responsible for the magnetoabsorption re
nance observed in Bi2Sr2CaCu2O81y single crystals in the
frequency range of 30–60 GHz.6–8 In these experiments rela
tively large crystals~0.5 mm in a-b direction! are irradiated
with a microwave field with theE-field vector perpendicula
to the CuO2 layers. In addition, a static magnetic fieldH was
applied along the crystallographicc-axis. ForH50 the fre-
quency of the plasma resonancef pl is well above 100 GHz
and thus outside of the detection window. The effect of
magnetic field is to lowerf pl by reducing thec-axis critical
current density of the sample and thereby decreasing
plasma resonance. The surface resistance of the cry
strongly increases when the frequencyf pl of the Josephson
plasma resonance matches the external frequency. Altho
these experiments yielded good evidence for the existenc
the collective Josephson plasma resonance we intende
investigate this resonance in zero magnetic field. In orde
apply a bias current we use systems of well defined ge
etry, i.e., small-sized stacks of Josephson junctions on to
single crystals~mesas!. We intend to test whether the collec
tive plasma resonance can be detuned by a bias curren
can be used for high-frequency applications. Moreover,
want to investigate to what extent the collective Joseph
plasma mode is similar or different from what is known fro
the plasma resonance in classic single junctions.
560163-1829/97/56~13!/8396~8!/$10.00
r-
p-

ly
-

s

ph-

d
e

on
ki
-

e

he
als

gh
of
to

to
-

of

nd
e
n

We performed mixing experiments by applying two e
ternal microwave signals of approximately 90 GHz to sma
sized mesas on top of Bi2Sr2CaCu2O81y single crystals. The
mesas form stacks of typically 100 intrinsic Josephs
junctions.4,9 The intensity of the incident microwave field
was converted down to the difference frequency of the
plied signals by using the sample as mixing element. We w
show that this method is advantageous in order to sepa
nontrivial effects arising simply from impedance mismatc
Applying a single microwave signal yields information abo
absorption or reflection only and impedance effects can
on the same order as the investigated effects. In mixing
periments, impedance effects are still present but can be
tinguished from the mixing process by additional reflecti
measurements. We will show that the interaction of the t
microwave fields with the plasma resonance leads to an
hanced mixing signal. This allows to investigate the plas
resonance and its dependence on bias current and mag
field.

In the following we will first motivate the interaction be
tween the Josephson plasma resonance and two externa
crowave fields in the context of the resistively shunted ju
tion ~RSJ! model and will then turn to experimental result

II. MIXING IN THE CONTEXT OF THE RSJ MODEL

A simple theoretical approach to real Josephson juncti
in the limit of short single junctions is given by the RS
model.10 Here, the current through the junction is describ
as a sum of the ideal Josephson current given by the
Josephson equation, an ohmic quasiparticle current, an
displacement current due to the nonzero junction cap
tance. Substituting the voltage drop over the junction bar
via the second Josephson equation yields the RSJ equa

I 5I c sin g1
\

2eRn
ġ1

\C

2e
g̈, ~1!

where I is the external current,I c the maximum Josephso
current,g the phase difference across the junction barrierC
8396 © 1997 The American Physical Society
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56 8397PROBING THE COLLECTIVE JOSEPHSON PLASMA . . .
the junction capacitance andRn the normal resistance. Th
eigenresonance at zero bias current, the Josephson pl
resonance, is given by

f pl,05
vpl,0

2p
5A j cd

2pF0e0e r
, ~2!

whereF05 h/2e denotes the flux quantum,j c is the critical
current density, andd is the interlayer distance. Therefor
for realistic values ofj c5800 A/cm2 and a dielectric con-
stante r55 one would expectf pl to be of the order of 150
GHz. With e r51 one obtains an upper limit for the Josep
son plasma resonance of 320 GHz. In the RSJ model
Josephson plasma resonance of a single Josephson jun
decreases with bias current according to11

f pl5 f pl,0A4 12S I b

I c
D 2

, ~3!

where I b is dc bias current. The external currentI in the
presence of two external microwave fields of frequenciesf 1
and f 2 is

I 5I b1I ac1 cos~2p f 1t !1I ac2 cos~2p f 2t !. ~4!

I ac1 and I ac2 denote the amplitudes of the ac curren
coupled to the junction by the two microwave fields. W
assumeI ac1, I ac2!I c, and u f 12 f 2u! f 1 , f 2, f pl,0 . For sim-
plicity, we neglect the damping term in Eq.~1!. Approximat-
ing the time dependent phase difference as

g'g01g1 cos~2p f 1t !1g2 cos~2p f 2t !

1gmix cos@2p~ f 12 f 2!t#

5:g01e ~5!

~g1 ,g2 are the amplitudes of the induced phase differen
and gmix is the amplitude of the resulting phase differen
with the difference frequency! and expanding sing for
e!g0 up to second order,

sin g'sin g01e cosg021/2e2 sin g0 ~6!

we get from Eq.~1! for the amplitude of the mixing produc

gmix}
I bI ac1I ac2

~ f pl
2 2 f 1

2!~ f pl
2 2 f 2

2!
. ~7!

It diverges when eitherf 1 or f 2 are equal tof pl . Note that
these divergencies result due to the neglected damping
in Eq. ~1!. Otherwise,gmix would be large but finite. Accord
ing to Eq. ~7!, strong frequency conversion should be e
pected when the external frequencies match the Josep
plasma resonance. Note that applying only one single ex
nal microwave signal does not lead to mixing because
I ac2[0 and thereforegmix50. Especially, there is no Josep
son plasma self-mixing.

An alternative way to derive the influence of the plasm
resonance on mixing is a description in terms of a nonlin
inductanceL(I ), as discussed in the context of paramet
amplification.12 Strong mixing occurs when]L/]I is large.13

By comparing the identities
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U5
\

2e

]

]t
g and U5

]

]t
~LI ! ~8!

one obtains an expression for the Josephson inductance

L5
\

2eI
g. ~9!

To answer the question how this inductance behaves u
irradiation we consider only one external microwave sig
with frequencyf ext for IÞ0. Again, treating the microwave
signal as a small quantity we find from Eq.~1!

g'g01
I ac

I c

f pl,0
2

f pl
2 2 f ext

2 cos~2p f extt !, ~10!

with g05arcsin(Ib /Ic). We thus get

L5
\

2eI F I ac cos~2p f extt !

I c

f pl,0
2

f pl
2 2 f ext

2 1g0G , ~11!

and derive

]L

]I
52

L

I
1

\

2eIcI
F f pl,0

2

f pl
2 1

I b~ I 2I b!

I c
2

f pl,0
6

f pl
2 ~ f pl

2 2 f ext
2 !G .

~12!

This expression peaks either whenf pl50, that is,I b5I c , or
when the plasma resonance matches the external freque
To summarize the results, applying two external sign
leads to mixing due to terms ing2. The more technical rea
son for the appearance of mixing signals is the strong
crease of the nonlinearity in the Josephson inductance. In
case we use a nonlinear reactance instead of a nonlinea
sistance which is used in standard mixing processes.

So far, our analysis has been based on some approx
tions. In order to confirm these results we also perform
numerical simulations of Eq.~1!. Here, we trace the time
dependence of the voltage across the junction. After Fou
transformation we obtain the frequency spectrum. We th
calculate the intensity in the mixing channel as function
bias current. We consider the situation shown in Fig. 1~a!. As
a function of bias current the plasma frequency varies
cording to Eq.~3!. At a certain value ofI b , f pl matches the
external frequenciesf 15 f LO and f 25 f RF. LO denotes the
local oscillator and RF the radio frequency signal, resp
tively.

We consider a situation wheref LO / f pl,050.87 and
f RF/ f pl,050.74. The amplitudes of the signals areI LO /I c
50.01 andI RF/I c50.001, respectively. The numerically ca
culated response is shown in Fig. 1~b!. There are two distinct
maxima when the plasma resonance matches the frequ
of the applied signals. Figure 1~c! shows a simulation with
lower values off LO / f pl,050.67 andf RF/ f pl,050.54. As ex-
pected, the conversion peaks shift closer to the critical c
rent.

The difference in the height of the two peaks is caused
the bias current dependence ofL. Even in absence of exter
nal microwave fields the nonlinearity inL increases while
approaching the critical current. We also confirmed that
mixing signal disappeared when the amplitude of either
LO or the RF signal was set to zero. In the simulatio
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8398 56W. WALKENHORST et al.
shown in Fig. 1 the conversion peaks are at the positi
where the frequency of the plasma resonance matches
frequencies of the external signals. For higher LO amplitu
the peaks shifted significantly towards lower bias curren
Therefore, in our mixing experiments we kept LO and R
signal as small as possible. We finally note that in our
perimentsf RF and f LO are about 90 GHz differing by les
than 5 GHz. From the experiments of Refs. 6–8,14,15
the above estimation we expect the Josephson plasma
quencyf pl to be 150 GHz or larger. In addition, we expect
broadening of the plasma resonance due to dissipa
mechanisms.16 Thus, the two conversion peaks should ess
tially collapse to a single peak which is located very close
the critical current. Then, because of noise and instabili
due to the excited plasma resonance the junction m

FIG. 1. RSJ simulations.~a! Plasma frequency, RF, and LO
frequency as a function of bias current normalized to the crit
currentI c . The ratio off LO / f pl,050.87; f RF/ f pl,050.74. ~b! Mixing
response as function of bias current.f LO / f pl,0 and f RF/ f pl,0 are as in
~a!. ~c! Mixing response forf LO / f pl,050.67 andf RF/ f pl,050.54.
Conversion peaks move closer toI c .
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switch to its resistive state, even slightly below the critic
current. These noise phenomena are not taken into accou
the simulations. They would have been too time consum

III. SAMPLES AND MEASUREMENT TECHNIQUE

Single crystals of Bi2Sr2CaCu2O81y were grown from a
stoichiometric mixture of the oxides.4 Using chemical wet
etching, mesas with lateral dimensions varying fro
16316mm2 to 28328mm2 were patterned on top of singl
crystal surfaces. Mesa heights varied from 18 to 200
corresponding to 12–150 intrinsic Josephson junctions.
the electrical contact, a gold layer was evaporated onto
freshly cleaved top surface of the mesa and a 25mm Au/Ni
wire was used as a spring contact to the gold layer. Trans
measurements were performed in two-point geometry. C
cal temperatures of the samples ranged between 85 and 8
and critical current densities at 4.2 K were 312 A/cm2 to
1.9 kA/cm2. The characteristic voltagesVc5I cRn of the
samples were typically 20 mV, corresponding to a charac
istic frequency of 10 THz. Samples were mounted in
W-band waveguide mixer block.17 A tunable phase-locked
Gunn oscillator ~93–95 GHz! was used as loca
oscillator.18,19 LO power was up to 17 dBm. The RF sign
was generated by a times six multiplier chain from a f
quency locked synthesizer. Maximum signal power was
to 10 dBm. Both the LO and RF signal were continuous
attenuable and the coupling to the sample could be tuned
an adjustable short. The intermediate frequency~IF! was de-
tected by a low noise amplifier in the range of 3.7 to 4.2 G
and then supplied to a spectrum analyzer~Fig. 2!. The whole
setup was placed in a shielded room. Magnetic field para
to the layers was applied via a superconducting 50 kOe
lenoid. Magnetic field with variable orientations could b
applied via a 8 kOe Helmholtz pair. Measurements we
taken in the temperature range from 4.2 to 90 K.

We have measured the mixing response of 29 mesa
top of 24 different crystals. These crystals were prepa
from 8 different melts. One of the samples~No. LJ9! was
prepared at another institute.20 All samples under tes
showed clearly the mixing behavior at zero field condition

IV. MIXING RESPONSE

Figure 3~a! shows the IF spectrum of our samples. At t
difference frequencyf LO2 f RF a peak was observed. Chan

l

FIG. 2. Setup. A tunable Gunn diode acts as local oscillator. T
RF signal is a multiplied 15 GHz signal. Both, local oscillator r
diation and RF signal can be variably attenuated. They are led v
directional coupler and a waveguide to the sample mounted
resonator. The intermediate frequency is amplified and then
tected by a spectrum analyzer. The coupling to the sample coul
adjusted by a variable short.
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56 8399PROBING THE COLLECTIVE JOSEPHSON PLASMA . . .
ing either f LO or f RF resulted in a frequency shift of th
intermediate frequency channel according tof LO2 f RF. For
fixed LO power we measured the IF intensity as function
RF power@Fig. 3~b!#. We obtained constant conversion ov
eight orders of magnitude in applied RF power. The mixi
signal intensity at fixed signal power increased with L
power until it saturates at about 5 dBm. Because of imp
ance mismatch there is a coupling loss of 38 dB. The
quired LO power for optimum mixing conversion in th
sample therefore calculates to233 dBm. This number can
compete with well-established quasiparticle mixers21 and is
much lower than required for Schottky mixers.22 The conver-
sion loss and the mixer noise figure were estimated by m
suring the RF power for which the intensity of the IF sign
was 3 dB over noise level. The conversion loss was e
mated to 28 dB while the mixer noise figure yielded
dB.18,19

V. EXPERIMENTS AT ZERO MAGNETIC FIELD

The Josephson plasma frequency at zero biasf pl,0 should
be at about 150 GHz, thus being 50% above the app
frequencies. The difference frequency is about 2% off pl,0 .
Therefore, f pl should match the applied frequencies re
tively close to the critical current and we expect one bro
ened peak only~see Sec. II!. In Fig. 4 we plot theIV char-
acteristic~IVC! of the sample at 4.2 K~upper part! together
with the intensity of the mixing signal~lower part!. Ramping
up the bias currentI b from zero, the maximum Josephso

FIG. 3. Spectrum of intermediate frequency.~b! IF signal vs RF
power at fixed LO power, zero magnetic field, and fixed bias c
rent of 600mA. Note the constant conversion over eight orders
magnitude in RF power.
f

-
-

a-
l
ti-

d

-
-

current I c1* of the weakest intrinsic junction was reached
0.35 mA. This maximum interlayer current is smaller th
the critical currentI c1 because of ac currents coupled in b
the LO. Note that the linear resistance on this supercond
ing branch of the IVC~denoted 0! is due to contact resis
tance. On this superconducting branch we observed a s
rise of the conversion just belowI c1* . At low currents there
appeared a plateau in mixing signal. This weak struct
saturated at much lower LO powers. The origin of this ad
tional feature is still unclear.

When increasingI b beyond I c1* the first junction of the
stack switched to its quasiparticle branch. We could trace
this first resistive branch denoted 1 in Fig. 4 by loweringI b .
Note that this branch corresponds to a state where one j
tion of the stack is resistive, whereas all others are still
their superconducting state. On this branch we again
served an increase in mixing conversion while approach
I c2* , where the second junction switched to the resist
state. By repeatedly ramping upI b we could trace out a tota
of N branches, withN being the number of junctions in th
stack. This structure of the IVC is typical for intrinsic Jo
sephson junctions.4 On each branch we could detect the sa
mixing behavior. Plotting the mixing intensity vs bias curre
~Fig. 5! we verify that the distinct branches of the mixin
signal coincide. Therefore, it is sufficient to detect the m
ing signal as function of bias current only.

As expected the measured conversion steeply rose u
I cn* ~I cn* is the maximum Josephson current of thenth junc-
tion! but did not exhibit a peak. Even small fluctuation
caused the junction to switch to its resistive state before
peak is traced out completely. We investigated the conv
sion structures with various levels of applied microwa
power. Further reduction did not change the observed st
tures. In particular, the conversion maximum atI cn* did not
turn into a peak.

We first note that the observed mixing is not due to m
ing processes such as Josephson mixing or quasiparticle
ing close to microwave induced steps. In both cases s
should arise on the IVC at voltagesh f /2e and h f /e,

-
f

FIG. 4. IV characteristic~upper part! and IF intensity at 4.2 K
and zero magnetic field~lower part!. Constant resistant is not sub
stracted. On every branch—even on the superconducting one~de-
noted 0!—mixing conversion showed a steep uprise towardsI c* .
Additional voltage drop is due to two point measurement. The
dices denote the number of junctions in the resistive state.
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8400 56W. WALKENHORST et al.
respectively.23 We could neither detect such steps nor did
find any indication of ah f /2e or h f /e periodicity. Also, for
underdamped junctions, these structures should be expe
for applied frequencies well above the Josephson pla
resonance,24 while we worked in the regime below it.

The observed signal cannot be simply due to mixing o
nonlinear resistance: the signal even appeared with all ju
tions being in the superconducting state. Here, the IVC
fact is linear~the contact resistance!. Although, the resistive
branches are nonlinear the mixing signal did not appea
the bias point of strongest curvature. Instead, maximum m
ing occurred close to the maximum Josephson currentI c1* ,
where the IVC is again almost linear.

Since the mixing conversion is essentially a function
bias current and is related to the superconducting state
argue that it indeed is due to the excitation of the Joseph
plasma resonance. The strongest signal appeared whe
junctions are in their superconducting state and the bias
rent approached the critical currentI c1* . In states wheren
junctions have switched to the gap voltage onlyN2n junc-
tions contribute to the conversion and IF intensity is low
For n!N this resulted in a minor decrease of the intens
when increasingn. Thus, when plotting conversion vs bia
current for n!N all conversion branches should basica

FIG. 6. IV characteristic~upper part! and IF intensity of all
junctions in a whole mesa~lower part!. Mixing behavior is similar
on every branch. For higher order branches the conversion
creases strongly due to increasing impedance mismatch and
junctions in the superconducting state.

FIG. 5. Data of Fig. 4 plotted vs bias current. The mixing s
nals of the different branches coincide indicating that the conv
sion is a function of bias current only.
ted
a

a
c-
n

at
-

f
e

on
all
r-

.

coincide which is nicely confirmed by Fig. 5.
The conversion signal decreased roughly proportiona

N2n. Figure 6 shows an example of the overall IVC t
gether with the IF signal on all branches. The structure of
conversion is qualitatively the same on all branches, ho
ever, the amplitude tends to zero when approaching theNth
branch. Besides the contribution of less junctions to the m
ing process we ascribe this strong decrease to imped
mismatch. The impedance of the resonator structure was
V which is comparable with the mesa resistance biased
the third branch. In order to trace out effects of impedan
mismatch we applied a single microwave field of 89.75 G
and measured the reflected signal~Fig. 7!. Starting from zero
bias current the reflected signal increased proportional to
number of junctions in the resistive state. When decreas
the bias current again on a given branch of the IVC~Fig. 7
shows branch No. 33! the reflection remains about constan

We thus see that impedance effects can well explain
strong decrease of the conversion on large branch num
but has no influence on structures observed on a partic
branch.

We now turn to the temperature dependence of the c
version. Figure 8 shows IVC and conversion of sample N
wt14d atT580 K. With increasing temperature the hyste
esis in the IVC decreases strongly. On the other hand

e-
ess

r-

FIG. 7. IV characteristic~upper part! and reflection at 89.75
GHz ~lower part!. The reflected power increases with the number
junctions in the resistive state. Reflection is constant on a gi
branch.

FIG. 8. IV characteristic~upper part! and IF signal atT580 K
~lower part!. The hysteresis of theIV characteristic decrease
strongly. The mixing signal peaks below the critical current of t
mesa.
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56 8401PROBING THE COLLECTIVE JOSEPHSON PLASMA . . .
critical current was almost constant up toT550 K. As long
as a hysteresis can be observed the conversion on a g
branch remains qualitatively the same. In terms of our in
pretation this may not be unexpected since the plasma r
nance is proportional toI c

21/2 and thus should not chang
strongly. At temperatures close toTc the IVC is nonhyster-
etic and the critical current decreases strongly with incre
ing temperature. Maximum conversion still occurs just b
low I cn* . The strong decrease of IF intensity aboveI cn* is due
to increasing impedance. When heating up to the crit
temperature the tends to zero. This behavior is shown in
9 where we plot the mixing signal as a function of tempe
ture. For comparison, the figure also shows the sample re
tance vs temperature. The IF signal dropped to zero exa
when nonzero resistance appears. We thus clearly see
conversion is a result of the superconducting state. Since
mixing conversion is essentially a function of bias curre
and is related to to the superconducting state we conc
that the mixing process is due to the excitation of the Jose
son plasma resonace. When almost all junctions in the s
are in their superconducting state the conversion is indep
dent of the actual number of junctions in the resistive sta
Therefore, it is even thecollectiveJosephson plasma res
nance causing the mixing process.

In order to investigate further properties of the resonan
we have to introduce an additional parameter. In our exp

FIG. 9. Temperature dependence of sample resistance~right
hand scale! and IF signal~left scale!. Mixing conversion drops
down to noise level when reaching the transition temperature.

FIG. 10. IF intensity for magnetic field perpendicular to t
layers. The maximum Josephson current decreased and the co
sion still reached its maximum atI c* . Note that the mixing signals
did not coincide, i.e., they are not simply ‘‘cut’’ by the reducedI c* .
en
r-
o-

s-
-

l
g.
-
is-
tly
hat
he
t
de
h-
ck
n-
e.

e,
i-

ments, we decided to apply a magnetic field to influence
resonance. So far, we have discussed our data in the fra
work of the RSJ model where effects of external magne
fields are not covered. A more elaborate description
stacked Josephson junctions is given by coupled S
Gordon equations.25 From these equations a set of Josephs
plasma modes has been predicted26 that involves nonzerok
vectors both along and perpendicular to the junctions.

VI. INFLUENCE OF MAGNETIC FIELDS

We now turn to effects of external magnetic fields. The
are several effects to be expected. First of all, the influe
of a magnetic field on the plasma frequency depends on fi
orientation. A magnetic field oriented perpendicular to t
layers decreases the plasma frequency according a powe
with the exponent in the order of unity.27 Applying a mag-
netic field parallel to the layers and perfectly aligning
should increase the resonance frequency.28 Indeed, Matsuda
et al.29 could not find any magnetoabsorption resonan
when the magnetic field was aligned better than 0.2° para
to the CuO2 planes of an underdoped sample.For higher
angles they detected plasma resonances having shifte
wards lower frequencies. In our experiments we were
able to align the magnetic field that perfect. Therefore,

ver-

FIG. 11. IF intensity of sample No. wt15a for magnetic fie
parallel to the layers. The current is normalized toI c(H i). Above a
threshold field of about 4 kOe we detected fully developed peak
mixing conversion vs bias current. The mixing signals are shif
for clarity. The intensities are normalized.

FIG. 12. Peak currents as function ofH i . The exponents of the
power laws range between 0.57 and 0.86.
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8402 56W. WALKENHORST et al.
expect in any case a decrease of the Josephson plasma
nance with increasing field.

A. Magnetic field perpendicular to the CuO2 layers

The main effect of magnetic fields oriented perpendicu
to the CuO2 layers is to lower the frequency of the Josephs
plasma resonance. According to Bulaevskiiet al.27,28 the
plasma resonance should shift as

f pl~H'!5 f pl,0AI c~H'!

I c~0!
, ~13!

where H' is magnetic field perpendicular to the CuO2
planes. This effect has been studied in the magnetoabs
tion measurements.6–8 From these measurementsf pl

2 is found
to decrease with magnetic field asH'

2m , with m on the order
of unity.27 The above expressions have been derived foI b
50. For nonzero bias current we expect Eq.~3! to be valid,
with f pl,0 now given byf pl(H').

Data are shown in Fig. 10. In zero magnetic field t
conversion again rose untilI cn* was reached. The mixing sig
nals shifted in different magnetic fields according to the
crease of the critical currents thus confirming the shift of
resonance frequency. Unfortunately, it was very tedious
measure at higher fields due to strong pinning. Therefore
concentrate on experiments with parallel magnetic field.

B. Magnetic field parallel to the CuO2 layers

Applying a magnetic field with small tilt angles betwee
the CuO2 planes and field orientation we were able to d
crease the plasma frequency significantly. In Fig. 11 we p
the conversion intensity measured on the superconduc
branch as function of bias current at various fields. At we
magnetic field we only detected the uprise close toI cn* . With
increasing fieldH i a conversion peak developed just belo
I cn* . Further risingH i shifted the conversion peak toward
lower bias currents. This can be explained by the decreas
the plasma frequency due to the decrease ofj c in a magnetic
field. As a consequence, less bias current had to be applie
order to match the plasma resonance to the LO freque
Figure 12 shows the peak current values as a function

FIG. 13. Extrapolated frequencies of the Josephson plasma
nance at zero bias and zero magnetic field as function of crit
current densityj c(H50). The line is Eq.~2! with e r53.5.
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magnetic fieldH i . The peak currents decreased asH i
2n . For

our samples we derive 0.57,n,0.86.
From this behavior we were able to determine the Jose

son plasma frequency. Assuming that Eq.~3! is still valid we
write:

f pl~H i ,I b5I peak!5 f LO5 f pl~H i,0!A4 12S I peak~H i!

I c~H i!
D 2

,

~14!

where we identifiedf pl5 f LO for I b5I peak. Now, the Joseph-
son plasma resonance can be regarded as a function of
netic field only. To estimate the value of the Josephs
plasma resonance at zero bias and zero magnetic field
have to insert the dependence of the plasma resonanc
H i . We approximate the magnetic field dependence
f pl(H i,0) by the assumption that it will change viaI c(H i)
according to Eq.~2!.

We thus get

f pl,0'
f LO

AI c~H i!

I c~0!
A4 12S I peak~H i!

I c~H i!
D 2 ~15!

and could estimate the plasma frequency at zero magn
field and zero bias. Figure 13 shows the derived plasma
quencies as function of the measured critical current de
ties at zero field. Depending onj c we obtain f pl,0 ranging
between 105 GHz and 220 GHz. Fitting these results w
Eq. ~2! with the dielectric constante r being the fitting pa-
rameter we obtaine r53.5.

VII. CONCLUSIONS

We realized a heterodyne mixer with mesas patterned
top of Bi2Sr2CaCu2O81y single crystals. The mixer saturate
at rather low LO powers. The observed mixing behavior c
be well explained by interactions between the external
crowave signals and the collective Josephson plasma r
nance of a stack of intrinsic Josephson junctions. The int
sity of the IF signal is independent of the number
junctions when only a few junctions are in the resistive sta
From that we conclude that it is thecollective Josephson
plasma resonance causing the mixing process. From the
ing signals in magnetic fields parallel to the layers we w
able to extrapolate the Josephson plasma frequencies at
field and zero bias current. Depending onj c they ranged
between 105 GHz and 220 GHz.
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