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Probing the collective Josephson plasma resonance in 8ir,CaCu,Og..,
by W-band-mixing experiments

W. Walkenhorst, G. Hechtfischer, S. Sdiler, R. Kleiner, and P. Mler
Physikalisches Institut 1ll, UniversiteErlangen-Nunberg, D-91058 Erlangen, Germany
(Received 25 April 1997

We report onW-band-mixing experiments with mesa structures patterned on top8f,BaCyOg., , 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.
[S0163-18297)06837-9

I. INTRODUCTION We performed mixing experiments by applying two ex-
ternal microwave signals of approximately 90 GHz to small-
Due to their large gap voltages high-temperature supersized mesas on top of Br,CaCyOg, , single crystals. The
conductors are promising candidates for high-frequency apnesas form stacks of typically 100 intrinsic Josephson
plications in the THz regimé.Therefore, it is highly desir- junctions®® The intensity of the incident microwave fields
able to study high-frequency properties and especiallyvas converted down to the difference frequency of the ap-
collective behavior of oscillating charges. In a single JosephPlied signals by using the sample as mixing element. We will
son junction the collective oscillation of Cooper pairs hasShow that this method is advantageous in order to separate

been predicted by Josephdamd was found experimentally nontriyial eff_ects ari_sing simpl_y from_impe_dance n_1ismatch.
by Dahmet al2 in a point contact. This collective mode is Applying a single microwave signal yields information about

known as Josephson plasma resonance. The intrinsic Joseap_sorptlon or reflection only and impedance effects can be

son effect in BjSKLCaCyO;. , provides closely packed Jo- on the same order as the investigated effects. In mixing ex-

sephson iunctionATherefore. the COODEI-DAIrS are SUPDOSE eriments, impedance effects are still present but can be dis-
P J ' ' —~00per-pa bp inguished from the mixing process by additional reflection

fheasurements. We will show that the interaction of the two

should extend over the whole stack. In layered Josephsogicrowave fields with the plasma resonance leads to an en-
junctions this collective mode has been predicted by Tachikj,5ceq mixing signal. This allows to investigate the plasma

etal® and is responsible for the magnetoabsorption resofesonance and its dependence on bias current and magnetic
nance observed in B$r,CaCyQOg,, single crystals in the fig|q.

frequency range of 30-60 GHz’ In these experiments rela- | the following we will first motivate the interaction be-
tively large crystal40.5 mm in a-b directionare irradiated tween the Josephson plasma resonance and two external mi-
with a microwave field with thé-field vector perpendicular  crowave fields in the context of the resistively shunted junc-
to the CuQ layers. In addition, a static magnetic fighdwas  tion (RSJ model and will then turn to experimental results.
applied along the crystallograph@zaxis. ForH=0 the fre-

quency of the plasma resonanig is well above 100 GHz II. MIXING IN THE CONTEXT OF THE RSJ MODEL
and thus outside of the detection window. The effect of the
magnetic field is to lowef, by reducing thec-axis critical A simple theoretical approach to real Josephson junctions

current density of the sample and thereby decreasing thi@ the limit of short single junctions is given by the RSJ
plasma resonance. The surface resistance of the crystalti;)del.10 Here, the current through the junction is described
strongly increases when the frequerfcy of the Josephson as a sum of the ideal Josephson current given by the first
plasma resonance matches the external frequency. Althouglosephson equation, an ohmic quasiparticle current, and a
these experiments yielded good evidence for the existence diisplacement current due to the nonzero junction capaci-
the collective Josephson plasma resonance we intended t@nce. Substituting the voltage drop over the junction barrier
investigate this resonance in zero magnetic field. In order twia the second Josephson equation yields the RSJ equation
apply a bias current we use systems of well defined geom-

etry, i.e., small-sized stacks of Josephson junctions on top of

single crystalmesag We intend to test whether the collec- . i . AC .
tive plasma resonance can be detuned by a bias current and I=lc siny+ 2eR, L 2e v
can be used for high-frequency applications. Moreover, we

want to investigate to what extent the collective Josephson

plasma mode is similar or different from what is known from wherel is the external current,. the maximum Josephson
the plasma resonance in classic single junctions. current,y the phase difference across the junction barer,

€y
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the junction capacitance arijl, the normal resistance. The 3 9
eigenresonance at zero bias current, the Josephson plasma U=5g5;y and U=—(Ll) (8)
resonance, is given by

one obtains an expression for the Josephson inductance:

_Wplo_ jcd
fpl,O_ 21 B 27T(I)060€r’ (2) h

L:2—e|’y. (9)

where®,= h/2e denotes the flux quantum, is the critical

current density, and is the interlayer distance. Therefore, To answer the question how this inductance behaves under
for realistic values ofj.=800 A/cnt and a dielectric con- irradiation we consider only one external microwave signal
stante, =5 one would expect,, to be of the order of 150 With frequencyfe, for | #0. Again, treating the microwave
GHz. With e,=1 one obtains an upper limit for the Joseph- signal as a small quantity we find from Ed)

son plasma resonance of 320 GHz. In the RSJ model the )

Josephson plasma resonance of a single Josephson junction lac  foio

decreases with bias current according'to Y=ot 1o f3—12, cos2mled), (10
4 Ip) 2 with yg=arcsin(,/I.). We thus get
f |:f 1.0 1-|— ) (3)
L I 2
¢ L—i lac COS{szextt) pr,O n 11
wherel, is dc bias current. The external currdnin the " 2el I fsl_fgxt Yol (12)
presence of two external microwave fields of frequenties ]
andf, is and derive
[ =1+ 1 401 COL 27 1) + | 4ep COL 277 t). (4) ﬂ:_5+ fi @ (1 =1p) foro
_ al I 2ell | 5 e fa(fa—150)
lac1 @nd I, denote the amplitudes of the ac currents (12)

coupled to the junction by the two microwave fields. We . _ .
assume ,cq, |ac<l¢, and|fy—f,|<fy, f,<fuo. For sim- This expression peaks either whgg=0, that is,l,=1., or
plicity, we neglect the damping term in Ed). Approximat- ~ When the plasma resonance matches the external frequency.

ing the time dependent phase difference as To summarize the results, applying two external signals
leads to mixing due to terms ip?. The more technical rea-
y=yo+ 7y, coq27ft) + v, cog27f,t) son for the appearance of mixing signals is the strong in-
crease of the nonlinearity in the Josephson inductance. In our
+ Ymix €0 27(F,—T5)t] case we use a nonlinear reactance instead of a nonlinear re-

. sistance which is used in standard mixing processes.
=Yote€ ) So far, our analysis has been based on some approxima-

(y1,7, are the amplitudes of the induced phase difference§ons. In order to confirm these results we also performed

and y,;, is the amplitude of the resulting phase differenceNumerical simulations of Eq(1). Here, we trace the time
with the difference frequengyand expanding siny for dependence of the voltage across the junction. After Fourier

€<, up to second order, transformatioq we qbta}in the frgquency spectrum. Wg then
calculate the intensity in the mixing channel as function of
sin y~sin yo+ € cosy,— 1/2€? sin vy, (6)  bias current. We consider the situation shown in F{@).1As

a function of bias current the plasma frequency varies ac-
we get from Eq/(1) for the amplitude of the mixing product cording to Eq.(3). At a certain value of,, f, matches the
external frequencie$,=f o and f,=fge. LO denotes the
Iplacal ac2 local oscillator and RF the radio frequency signal, respec-
Ymix* (f2 _ f2)(f2 _ f2) : (7 tively.
pl 117 Tpl T2 We consider a situation wherd o/f,,=0.87 and
It diverges when eithef, or f, are equal tof ;. Note that  fre/fj ,=0.74. The amplitudes of the signals alrg/l
these divergencies result due to the neglected damping term0.01 and g/l ,=0.001, respectively. The numerically cal-
in Eq. (1). Otherwise,ymix Would be large but finite. Accord- culated response is shown in Figbl There are two distinct
ing to Eq. (7), strong frequency conversion should be ex-maxima when the plasma resonance matches the frequency
pected when the external frequencies match the Josephsohthe applied signals. Figure(d shows a simulation with
plasma resonance. Note that applying only one single extetewer values off /f ,=0.67 andfge/fy o=0.54. As ex-
nal microwave signal does not lead to mixing because opected, the conversion peaks shift closer to the critical cur-
| .c=0 and thereforey,,= 0. Especially, there is no Joseph- rent.
son plasma self-mixing. The difference in the height of the two peaks is caused by
An alternative way to derive the influence of the plasmathe bias current dependencelaf Even in absence of exter-
resonance on mixing is a description in terms of a nonlineanal microwave fields the nonlinearity ib increases while
inductanceL (1), as discussed in the context of parametricapproaching the critical current. We also confirmed that the
amplification’? Strong mixing occurs wheal /4l is large’®  mixing signal disappeared when the amplitude of either the
By comparing the identities LO or the RF signal was set to zero. In the simulations
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(a) LO(94 GHz) g
10 j ' | ooup‘ler sample
‘ REO5GH2) 0 D> <] ——=
0.8 fio 1 PB
o 06} fer 1 IF(4 GHz) L . 3 i
u\_"' . Bias
o 041 Ny
0.2 fpl FIG. 2. Setup. A tunable Gunn diode acts as local oscillator. The
T l RF signal is a multiplied 15 GHz signal. Both, local oscillator ra-
0.0 , diation and RF signal can be variably attenuated. They are led via a
0.0 05 | /I 1.0 directional coupler and a waveguide to the sample mounted in a
b"'c . . . e
resonator. The intermediate frequency is amplified and then de-
) tected by a spectrum analyzer. The coupling to the sample could be
2 T T T 0.08 adjusted by a variable short.
f=f
1T 'RF . . - . .
P | _—"T0.06 switch to its resistive state, even slightly below the critical
/ _ current. These noise phenomena are not taken into account in
o g the simulations. They would have been too time consuming.
> or 40.04 5
S @
pr= fLO 0.02 L Ill. SAMPLES AND MEASUREMENT TECHNIQUE
/ / K Single crystals of BiSr,CaCyOg,, Were grown from a
2 , ) ‘ 0.00 stoichiometric mixture of the oxidé'éUsing chemical wet
5 .
I/

VIV
IF signhal

1 etching, mesas with lateral dimensions varying from
bl 16X 16 wm? to 28x 28 um? were patterned on top of single
© crystal surfaces. Mesa heights varied from 18 to 200 nm
2 , , , 0.3 corresponding to 12—150 intrinsic Josephson junctions. As
the electrical contact, a gold layer was evaporated onto the
fpl= foe ] freshly cleaved top surface of the mesa and qu#b Au/Ni
/ loo wire was used as a spring contact to the gold layer. Transport
measurements were performed in two-point geometry. Criti-
cal temperatures of the samples ranged between 85 and 89 K,
/_ lo1 and critical current densities at 4.2 K were 312 Afcto
/fpl_ flo ’ 1.9 kAlcn?. The characteristic voltage¥.=I.R, of the
—] samples were typically 20 mV, corresponding to a character-
VL istic frequency of 10 THz. Samples were mounted in a
-2 ] 0 1 0.0 W-band waveguide mixer bloc¥. A tunable phase-locked
I/, Gunn oscillator (93-95 GHz was used as local
oscillator!®!° LO power was up to 17 dBm. The RF signal
FIG. 1. RSJ simulations(a) Plasma frequency, RF, and LO was generated by a times six multiplier chain from a fre-
frequency as a function of bias current normalized to the criticalquency locked synthesizer. Maximum signal power was up
currentl ;. The ratio off o/f 0=0.87; fre/f;0=0.74.(b) Mixing  to 10 dBm. Both the LO and RF signal were continuously
response as function of bias currefily /f, o andfre/fyoare asin - attenuable and the coupling to the sample could be tuned by
(@. (¢) Mixing response forf o/fp0=0.67 andfre/fp0=0.54.  an adjustable short. The intermediate frequefiEy was de-
Conversion peaks move closer fig. tected by a low noise amplifier in the range of 3.7 to 4.2 GHz
and then supplied to a spectrum analydgg. 2). The whole
shown in Fig. 1 the conversion peaks are at the positionsetup was placed in a shielded room. Magnetic field parallel
where the frequency of the plasma resonance matches the the layers was applied via a superconducting 50 kOe so-
frequencies of the external signals. For higher LO amplitudegenoid. Magnetic field with variable orientations could be
the peaks shifted significantly towards lower bias currentsapplied va a 8 kOe Helmholtz pair. Measurements were
Therefore, in our mixing experiments we kept LO and RFtaken in the temperature range from 4.2 to 90 K.
signal as small as possible. We finally note that in our ex- \We have measured the mixing response of 29 mesas on
perimentsfge and f o are about 90 GHz differing by less top of 24 different crystals. These crystals were prepared
than 5 GHz. From the experiments of Refs. 6-8,14,15 an¢tom 8 different melts. One of the sampléo. LJ9 was
the above estimation we expect the Josephson plasma frprepared at another institut®. All samples under test
quencyf, to be 150 GHz or larger. In addition, we expect a showed clearly the mixing behavior at zero field conditions.
broadening of the plasma resonance due to dissipation
r_nechanismé? Thus, the two conversion peaks should essen- IV. MIXING RESPONSE
tially collapse to a single peak which is located very close to
the critical current. Then, because of noise and instabilities Figure 3a) shows the IF spectrum of our samples. At the
due to the excited plasma resonance the junction mighdifference frequency o—fgrr @ peak was observed. Chang-
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-40+- ' ' ' . FIG. 4. IV characteristidupper pant and IF intensity at 4.2 K
—~ 0l 1 and zero magnetic fiellower par}. Constant resistant is not sub-
£ stracted. On every branch—even on the superconductingdme
% -80| . noted Q—mixing conversion showed a steep uprise towardls
= 100 #.19 Additional voltage drop is due to two point measurement. The in-
e T | dices denote the number of junctions in the resistive state.
o T=42K
‘& -120| 1
U a0l ] currentl?; of the weakest intrinsic junction was reached at
. . . . . 0.35 mA. This maximum interlayer current is smaller than
-80 -60 -40 20 0 20

the critical current ;; because of ac currents coupled in by
the LO. Note that the linear resistance on this superconduct-
ing branch of the IVC(denoted 0 is due to contact resis-

. ] . tance. On this superconducting branch we observed a steep
FIG. 3. Spectrum of intermediate frequend@y). IF signal vs RF

 fixed LO tic field. and fixed b rise of the conversion just belot; . At low currents there

power at fixe power, zero magnetic field, and fixed bias Cur'appeared a plateau in mixing signal. This weak structure
rent of 600uA. Note the constant conversion over eight orders of - . .

. ' saturated at much lower LO powers. The origin of this addi-
magnitude in RF power. . . .

tional feature is still unclear.
. i * o .

ing either f o or fre resulted in a frequency shift of the sta\(l:vkhsevr\litlgk?ézatzl?tglal?aegigg?tliélletgfar?crzit {/L\I/relzctt:lggldorrgg; out
intermediate frequency channel accordingfte—fre. FOT g, aistive branch denoted 1 in Fig. 4 by lowerigg

fixed LO power we measured the IF intensity as function OfNote that this branch corresponds to a state where one junc-
RF power[Fig. 3(b)]. We obtained constant conversion over . . orresp Jul
tion of the stack is resistive, whereas all others are still in

eight orders of magnitude in applied RF power. The miXingtheir superconducting state. On this branch we again ob-

signal intensity at fixed signal power increased with LOserved an increase in mixing conversion while approachin
power until it saturates at about 5 dBm. Because of imped-, XIng | ; pproaching
where the second junction switched to the resistive

ance mismatch there is a coupling loss of 38 dB. The re-c2’ )
quired LO power for optimum mixing conversion in the state. By repeatet_:ily ramping upwe could trace out a_total
sample therefore calculates t033 dBm. This number can ©f N branches, wittN being the number of junctions in the

compete with well-established quasiparticle mi%emnd is stack. Th_is structure of the IVC is typical for intrinsic Jo-
much lower than required for Schottky mixéfsThe conver- sephson Junc_t|on‘é0n .each brar_u:_h we COUI.d detec;t the same
sion loss and the mixer noise figure were estimated by mea- IXIng behawor. Plotting the.m!xmg intensity vs bias cqr(ent
suring the RF power for which the intensity of the IF signal '_:'g' 5 we yenfy that the O.“S.tht t_)r_anches of the mixing
was 3 dB over noise level. The conversion loss was esti§'gnal coincide. Therefore, it is sufficient to detect the mix-

mated to 28 dB while the mixer noise figure yielded 201" Signal as function of bias current only.
dB 1819 As expected the measured conversion steeply rose up to

I, (1%, is the maximum Josephson current of fité junc-
tion) but did not exhibit a peak. Even small fluctuations
caused the junction to switch to its resistive state before the
The Josephson plasma frequency at zero higsshould — peak is traced out completely. We investigated the conver-
be at about 150 GHz, thus being 50% above the appliegion structures with various levels of applied microwave
frequencies. The difference frequency is about 2% p§. ~ power. Further reduction did not change the observed struc-
Therefore, f; should match the applied frequencies rela-tures. In particular, the conversion maximuml g did not
tively close to the critical current and we expect one broadiurn into a peak.
ened peak onlysee Sec. )l In Fig. 4 we plot thelVV char- We first note that the observed mixing is not due to mix-
acteristic(IVC) of the sample at 4.2 Kupper parttogether ing processes such as Josephson mixing or quasiparticle mix-
with the intensity of the mixing signdlower par}. Ramping ing close to microwave induced steps. In both cases steps
up the bias current, from zero, the maximum Josephson should arise on the IVC at voltagelsf/2e and hf/e,

RF power (dB)

V. EXPERIMENTS AT ZERO MAGNETIC FIELD
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nals of the different branches coincide indicating that the conver- . h T oo .

sion is a function of bias current only. {;Jrr;?]tg;]ns in the resistive state. Reflection is constant on a given

respectively’> We could neither detect such steps nor did we
find any indication of anhf/2e or hf/e periodicity. Also, for ~ coincide which is nicely confirmed by Fig. 5.
underdamped junctions, these structures should be expected The conversion signal decreased roughly proportional to
for applied frequencies well above the Josephson plasmd—n. Figure 6 shows an example of the overall IVC to-
resonancé: while we worked in the regime below it. gether with the IF signal on all branches. The structure of the
The observed signal cannot be simply due to mixing on aonversion is qualitatively the same on all branches, how-
nonlinear resistance: the signal even appeared with all juncever, the amplitude tends to zero when approaching\tthe
tions being in the superconducting state. Here, the IVC irbranch. Besides the contribution of less junctions to the mix-
fact is linear(the contact resistangeAlthough, the resistive ing process we ascribe this strong decrease to impedance
branches are nonlinear the mixing signal did not appear &hismatch. The impedance of the resonator structure was 118
the bias point of Strongest curvature. Instead, maximum m|XQ Wh|Ch is Comparab|e W|th the mesa resistance biased on
ing occurred close to the maximum Josephson cufgnt  the third branch. In order to trace out effects of impedance
where the IVC is again almost linear. mismatch we applied a single microwave field of 89.75 GHz
. Since the mixing conversion is essentially a function ofand measured the reflected sigffly. 7). Starting from zero
bias current and is related to the superconducting state Wgias current the reflected signal increased proportional to the
argue that it indeed is due to the excitation of the JosephSOR mper of junctions in the resistive state. When decreasing
plasma resonance. The strongest signal appeared when ﬁ“e bias current again on a given branch of the IRy 7
junctions are in their superconducting state and the bias CUEHows branch No. 33he reflection remains about constant.
_rent _approached t_he critical currerfy . In states wherm We thus see that impedance effects can well explain the
junctions h_ave switched to the_gap voltag_e oNIy_n junc- strong decrease of the conversion on large branch numbers
tions contribute to the conversion and IF intensity is Iower.but has no influence on structures observed on a particular
For n<N this resulted in a minor decrease of the intensityp o,
when increasingr. Thus, when plotting conversion vs bias  \ye now turn to the temperature dependence of the con-
current forn<N all conversion branches should basically \,o sion. Figure 8 shows IVC and conversion of sample No.
wtl4d atT=80 K. With increasing temperature the hyster-

1 esis in the IVC decreases strongly. On the other hand the

<
E of

50 #wt14d
T: 80K

impedance

A

- conversion J o e
n_ <
55

.02 -01 00 01 02
I (mA)

FIG. 6. IV characteristic(upper pant and IF intensity of all
junctions in a whole mesdower par}. Mixing behavior is similar FIG. 8. IV characteristidupper part and IF signal aff =80 K
on every branch. For higher order branches the conversion deélower parj. The hysteresis of théV characteristic decreased
creases strongly due to increasing impedance mismatch and lessongly. The mixing signal peaks below the critical current of the
junctions in the superconducting state. mesa.
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FIG. 9. Temperature dependence of sample resistangt FIG. 11. IF intensity of sample No. wt15a for magnetic field

hand scale and IF signal(left scalg. Mixing conversion drops parallel to the layers. The current is normalized H,). Above a
down to noise level when reaching the transition temperature.  threshold field of about 4 kOe we detected fully developed peaks in
mixing conversion vs bias current. The mixing signals are shifted

critical current was almost constant upTe-50 K. As long for clarity. The intensities are normalized.

as a hysteresis can be observed the conversion on a given

branch remains qualitatively the same. In terms of our interments, we decided to apply a magnetic field to influence the
pretation this may not be unexpected since the plasma restesonance. So far, we have discussed our data in the frame-
nance is proportional to; Y2 and thus should not change work of the RSJ model where effects of external magnetic
strongly. At temperatures close To the IVC is nonhyster- fields are not covered. A more elaborate description of
etic and the critical current decreases strongly with increasstacked Josephson junctions is given by coupled Sine-
ing temperature. Maximum conversion still occurs just be-Gordon equation$’ From these equations a set of Josephson
low I%,. The strong decrease of IF intensity abogeis due  Plasma modes has been prediéfettiat involves nonzerd

to increasing impedance. When heating up to the criticavectors both along and perpendicular to the junctions.
temperature the tends to zero. This behavior is shown in Fig.

9 where we plot the mixing signal as a function of tempera-

ture. For comparison, the figure also shows the sample resis- VI. INFLUENCE OF MAGNETIC FIELDS

tance vs temperatqre. The IF signal dropped to zero exactly We now turn to effects of external magnetic fields. There
when nonzero resistance appears. We thus clearly see thﬁl

conversion is a result of the superconducting state. Since th e several _eff_ects to be expected. First of all, the |nf|uer_1ce

mixing conversion is essentially a function of biaé current a magnetic field on Fhe.plasmg frequency depends on field

and is related to to the superconducting state we ConCludorlentatlon. A magnetic field oriented perpen(_jlcular to the
yers decreases the plasma frequency according a power law

st the miing process s due Lo e et of e 20528 e exponert i the order f i Appiyng a mag-
P : J etic field parallel to the layers and perfectly aligning it

are in their superconducting state the conversion is indeDe%’hould increase the resonance frequefidpdeed, Matsuda
dent of the actual number of junctions in the resistive stateet alZ® could not find any magnetoabsorptior; resonance
:Qﬁgeef%fdslitn's tﬁ\éerr:“)t(fiwr(]aolIergtclz\éesgosephson plasma reso- when the magnetic field was aligned better than 0.2° parallel

9 gp ) to the CuQ planes of an underdoped sample.For higher tilt

In order to investigate further properties of the resonance

we have to introduce an additional parameter. In our experi‘f’lngles they detected plasma resonances having shifted to-

wards lower frequencies. In our experiments we were not
able to align the magnetic field that perfect. Therefore, we

-10 — . T T .
H=1.5 kQe
e -15¢ Q 1 10 e #wt15a '
as} “ —_ 4 #stlb
B o0l o v tt‘; J < v #wti7a A
= A H=2KkOey £\ £ o #wtioa
g '.‘A‘ \if.' H=0 = w #wtlde
S 25 - /f.' c Tt 3
0 .‘ * 9
L 30p #st3 oL i > N&
i JES (3] A ®
L) ~ ]
-35 ' L L y © 01l |
04 -02 0.0 02 04 g
L, (mA) 1 10

FIG. 10. IF intensity for magnetic field perpendicular to the I_III (kOe)

layers. The maximum Josephson current decreased and the conver-
sion still reached its maximum &f . Note that the mixing signals FIG. 12. Peak currents as functionldf . The exponents of the
did not coincide, i.e., they are not simply “cut” by the redudéd. power laws range between 0.57 and 0.86.
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240[ ] magnetic fieldH,. The peak currents decreaseds”. For

220[ . our samples we derive 0.57v<0.86.
—~ 200 From this behavior we were able to determine the Joseph-
N r . . . .
T g0 son plasma frequency. Assuming that E).is still valid we
9] A write:
T, 160t
> 140}

120} 4 | lpea H) | 2

peal I
100 L— . . . . , . pr(HIIvlbzlpeak):fLO:fpl(Hnao) 1_(—| (H) ) )
15 20 25 30 35 40 45 My

jc(0)1/2 (Alcm2)1/2 (14)

FIG. 13. Extrapolated frequencies of the Josephson plasma res¥there we identified ,=f o for I,=1 ¢4 Now, the Joseph-
nance at zero hias and zero magnetic field as function of criticafon plasma resonance can be regarded as a function of mag-
current densityj(H=0). The line is Eq(2) with ¢,=3.5. netic field only. To estimate the value of the Josephson

plasma resonance at zero bias and zero magnetic field we
have to insert the dependence of the plasma resonance on
expect in any case a decrease of the Josephson plasma reslQ= We approximate the magnetic field dependence of

nance with increasing field. fo(H;,0) by the assumption that it will change vig(H,)
according to Eq(2).
A. Magnetic field perpendicular to the CuO, layers We thus get

The main effect of magnetic fields oriented perpendicular
to the CuQ layers is to lower the frequency of the Josephson flo
plasma resonance. According to Bulaevsétial?’?® the f o0~ > (15
\/'c(Hn) 4\/ _(|pea1(H|))

plasma resonance should shift as

Ic(o) Ic(HII)
I.(H,) and could estimate the plasma frequency at zero magnetic
fa(H)="fp0 1.(0) ' (13 field and zero bias. Figure 13 shows the derived plasma fre-

quencies as function of the measured critical current densi-
_ o _ ties at zero field. Depending o we obtainf  ranging
where H, is magnetic field perpendicular to the CUO petween 105 GHz and 220 GHz. Fitting these results with
planes. This effect has been studied in the magnetoabsorpy, (2) with the dielectric constan¢, being the fitting pa-
tion measuremenfs? From these measuremeriﬁ is found  rameter we obtair, = 3.5.

to decrease with magnetic field Bg #, with u on the order

of unity.?” The aboye expressions have been deriveq for VIl. CONCLUSIONS
=0. For nonzero bias current we expect E3). to be valid,
with f, o now given byf,(H,). We realized a heterodyne mixer with mesas patterned on

Data are shown in Fig. 10. In zero magnetic field thetop of Bi,S,CaCyOs, , single crystals. The mixer saturates
conversion again rose untif,, was reached. The mixing sig- at rather low LO powers. The observed mixing behavior can
nals shifted in different magnetic fields according to the debe well explained by interactions between the external mi-
crease of the critical currents thus confirming the shift of thecrowave signals and the collective Josephson plasma reso-
resonance frequency. Unfortunately, it was very tedious tdance of a stack of intrinsic Josephson junctions. The inten-
measure at higher fields due to strong pinning. Therefore, weity of the IF signal is independent of the number of
concentrate on experiments with parallel magnetic field. junctions when only a few junctions are in the resistive state.

From that we conclude that it is theollective Josephson
B. Magnetic field parallel to the CuO, layers _plasma resonance cagsing the mixing process. From the mix-
] o ) . ing signals in magnetic fields parallel to the layers we were

Applying a magnetic field with small tilt angles between gpje to extrapolate the Josephson plasma frequencies at zero

the CuQ planes and field orientation we were able to de-fie|d and zero bias current. Depending pnthey ranged

crease the plasma frequency significantly. In Fig. 11 we plopenyveen 105 GHz and 220 GHz.
the conversion intensity measured on the superconducting

branch as function of bias current at various fields. At weak
magnetic field we only detected the uprise clos&ito With
increasing fieldH, a conversion peak developed just below The authors would like to thank L. N. Bulaevskii, K.
|%,. Further risingH, shifted the conversion peak towards Schlenga, and O. Waldmann for valuable discussions and H.
lower bias currents. This can be explained by the decrease &af Johnson and S. Schmitt for providing and preparing
the plasma frequency due to the decreasg, @ a magnetic samples. H. J. Hartfuss and K. H. Gundlach provided the
field. As a consequence, less bias current had to be applied W-band mixer block. Financial support by Bayerische Fors-
order to match the plasma resonance to the LO frequencghungsstiftung via the FORSUPRA consortium is gratefully
Figure 12 shows the peak current values as a function ciicknowledged.
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