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Microwave mixing in microbridges made from YBa 2Cu3O7Àx thin films
K. S. Il’ina) and M. Siegel
Institut für Schichten und Grenzfla¨chen, Forschungszentrum Ju¨lich GmbH, Jülich 52425, Germany

~Received 21 February 2002; accepted for publication 8 April 2002!

We present a systematic study of the response of a YBa2Cu3O72x thin-film microbridge to
millimeter wave radiation. The dependencies of the microwave response spectrum on the bias
voltage and operating temperature have been measured on samples made from YBa2Cu3O72x films
with different thicknesses. Once the bias voltage exceeds the value corresponding to the first
maximum of differential resistance, the value of the23 dB roll-off frequency of the microbridge
response is drastically reduced. On the other hand, at temperatures close toTc the roll-off frequency
rises to about 20 GHz. For high resistivity YBa2Cu3O72x films with relatively low upper critical
magnetic fields the23 dB roll-off frequency is about 7 GHz even at temperatures much smaller than
Tc . To explain the results obtained we consider the presence of two additive mechanisms that
contribute to the YBa2Cu3O72x thin-film microbridge response to microwave radiation: vibration of
magnetic vortices and heating of electrons and phonons. The competition between these two
mechanisms defines the bias voltage and temperature dependencies of the23 dB roll-off frequency
as well as the recently reported dependence of the intermediate frequency bandwidth of
YBa2Cu3O72x hot-electron bolometer mixers on the local oscillator frequency. Numerical
calculations based on this assumption are in a good qualitative agreement with the experimental
results. © 2002 American Institute of Physics.@DOI: 10.1063/1.1481773#
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I. INTRODUCTION

High-temperature superconductors ~HTS! like
YBa2Cu3O72x ~YBCO! were introduced recently as promi
ing materials for the development of ultrafast sensitive h
erodyne receivers of electromagnetic radiation.1 One clear
advantage of HTS is the high critical temperature of the
perconducting transition, which exceeds the boiling tempe
ture of liquid nitrogen. The operating temperature of HT
devices for most applications is higher than 20 K and
allows one to use low power cryocoolers, which is very s
nificant for long-term atmospheric or space missions. W
regard to YBCO thin films it is important to note anoth
advantage of HTS. The very short inelastic electron-pho
scattering time te-ph'2 ps at temperatures of aboutT
'85– 90 K allows one to suggest YBCO thin films for th
development of hot-electron bolometer~HEB! mixers of
electromagnetic radiation with a characteristic23 dB roll-
off frequencyf ro up to 100 GHz.2–5 This wide intermediate
frequency~IF! bandwidth of the mixer is very important es
pecially in the terahertz frequency range because of the
of a tunable local oscillator~LO! for these frequencies. How
ever, as shown in Ref. 1 the significant magnitude of
thermal boundary resistance of the YBCO film–substr
interface6 limits f ro of these devices to much smaller valu
of about 2–3 GHz. Moreover, recently7,8 it has been demon
strated that mixers made from YBCO films have propert
that are very different in comparison with theoretic
estimates1 and similar devices made from low-temperatu
superconductors. Liet al.7 have obtained on 100 nm thic
YBCO films a response spectrum with a roll-off frequency

a!Electronic mail: k.ilin@fz-juelich.de
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about 9 GHz measured at 115 GHz LO frequencyf LO and a
smaller value of 7 GHz atf LO5585 GHz~the operating tem-
perature in both cases was about 70 K!. Measurements per
formed in the radiation frequency range of 10–480 G
have also shown a reduction off ro with an increase in photon
energy8 but much more considerably than that in Ref. 7. Al
Harnacket al.8 reported in thatf ro strongly depends on the
bias voltage and changes from about 2 GHz for low-volta
bias operation down to hundred megahertz with an incre
in bias voltage. Recently, in the range from 1 up to 20 G
of radiation frequency the strong temperature dependenc
f ro has been observed mostly due to the shift of optim
operation points of the HEB mixer toward lower bias volta
as the temperature approachesTc .9 At operating tempera-
tures much lower than the critical temperature the magnit
of f ro was only several hundred megahertz for films w
thickness d530 nm and increased up to 2.4 GHz atT
'Tc .

To gain better insight into the physical processes resp
sible for the above mentioned features of YBCO HEB mixe
we have performed a detailed systematic study of the
sponse of YBCO thin-film microbridges to millimeter wav
radiation over a wide temperature range and at different b
conditions. Based on the experimental results obtained
have assumed that the response of YBCO thin-film mic
bridges is due to contributions from two different mech
nisms. Heating of electrons and phonons in the film mos
defines a response spectrum at temperatures much lower
Tc and bias voltagesUbias higher than voltageU0 , which
corresponds to the first maximum of differential resistan
~FMDR!. The second mechanism is based on vibrations
magnetic vortices under the influence of external electrom
netic radiation. This mechanism dominates the respons
© 2002 American Institute of Physics
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YBCO microbridges at bias voltages lower thanU0 , espe-
cially at temperatures close toTc . The competition between
these two mechanisms determines the magnitude of the
crobridge response, its spectrum, the23 dB roll-off fre-
quency dependencies on the bias voltage, the operating
perature, and the local oscillator frequency.

This article is organized in the following way: In Sec.
we describe the technology for fabricating YBCO thin film
and samples, their characteristics, and the experimental t
nique for measurement of the microwave response of
microbridges. The results of measurements of the respo
of YBCO thin-film microbridges at different bias voltage
and a discussion off ro dependence onUbias are presented in
Sec. III. The experimental dependencies of the23 dB roll-
off frequency on the operating temperature and an anal
of processes in YBCO thin-film microbridges under millim
ter wave radiation are presented in Sec. IV.

II. FABRICATION AND CHARACTERIZATION OF
SAMPLES: EXPERIMENTAL TECHNIQUE

YBCO films with thicknesses from 10 to 100 nm we
fabricated using the standard pulsed-laser deposition~PLD!
technique. The density of the laser energy on the target
about 1 J/cm2 per pulse and the repetition frequency of t
laser pulses was 10 Hz. The substrates were commerc
available single-side polished MgO~100! and sapphire
~1102! single crystals with thicknesses of 0.3 and 0.5 m
respectively. The substrates were glued on to the heater u
silver paste for better thermal contact. The base pressu
the chamber was better than 531025 mbar. For fabrication
of YBCO films on sapphire substrates we used a CeO2 buffer
layer depositedin situ at a heater temperature of 820 °C a
an oxygen pressure ofpO250.2 mbar. After deposition o
CeO2 we changed the target without breaking vacuum a
deposited a YBCO film thicker than 20 nm at 810 °C a
pO250.5 mbar. For fabrication of YBCO films thicker tha
40 nm on MgO substrates a 10 nm seed layer of YBCO w
deposited at 650–780 °C and afterwards the residual th
ness of YBCO was deposited at a higher temperature
785 °C. The oxygen pressure of 0.5 mbar was kept cons
during the whole process. Usually, YBCO films on Mg
substrates with a seed layer deposited at higher temper
show a higher critical temperatureTc in comparison with
films fabricated on seed layers, which have been grown
lower temperature. The width of the superconducting tran
tion, DT, was approximately the same for all deposition te
peratures of the seed layer. However, the long-term stab
of superconducting characteristics~Tc andDT! was better in
the case of low-temperature growth of the YBCO seed la
The best combination of highTc , narrowDT, and long-term
stability was obtained for seed layers deposited at 700 °C
these conditions typical values ofTc'85 K andDT'0.3 K
without any degradation for 3 months were obtained
YBCO films with a total thickness of 40 nm. A gold prote
tive layer of about 50 nm thick was depositedin situ using
dc-magnetron sputtering. After film fabrication the critic
temperature and the width of the superconducting transi
were measured using an inductive technique. The depen
cies of Tc and DT on the total YBCO film thicknessd are
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shown in Fig. 1 by closed (Tc) and open (DT) circles
~YBCO films on MgO! and by squares~YBCO films on
sapphire!.

The technology described above is not applicable
YBCO films with thicknesses less than 40 nm. The 30 and
nm thick YBCO films on MgO show a strong reduction ofTc

down to 82 and 72 K, respectively, along with abrupt broa
ening of the superconducting transition fromDT56 K for
thicker films to 15 K for the thinner ones~see Fig. 1!. Addi-
tionally, these film shown strong degradation up to a to
suppression ofTc with in a week of deposition. The stron
lattice mismatch plays the major role in this situation. T
top part of a YBCO film has a good and stable enough s
ichiometric structure until the film thickness is more than t
length of the lattice constant transition from MgO to YBCO
In this caseTc andDT have more or less monotonic depe
dence on the film thickness. For films withd<30 nm the
lattice mismatch between the film and substrate alre
dominates over the whole film thickness. This is one rea
for oxygen deficiency, which leads to a reduction ofTc and
broadening of the superconducting transition. To avoid th
effects for films with thicknesses less than 40 nm we dev
oped a more complicated technological process. To impr
substrate–film matching we deposited an additio
PrBa2Cu3O72x ~PBCO! buffer layer using the same PLD
technique. PBCO is a semiconductor with a crystalli
structure10 similar to that of YBCO and the lattice mismatc
between these two materials is negligible~<1.5%!. The
PBCO buffer layer with a thickness of about 20 nm w
deposited directly on to the MgO substrate at a tempera
of 780 °C and oxygen pressure of 0.4 mbar. Then we dep
ited the YBCO film at 795 °C andpO250.5 mbar. For fabri-
cation of YBCO films thinner than 30 nm on sapphire su
strates, first we deposited a CeO2 buffer layer, then a 20 nm
thick PBCO layer at 810 °C andpO250.5 mbar and, after
that, the YBCO film. Finally, we deposited a thin PBCO fil
~'10 nm! on top of the YBCO film. This second PBCO
layer was used as a protective layer for the YBCO film d
ing ion beam etching. Moreover, our experience shows
YBCO films with a PBCO protective layer are more stab
than YBCO films, which have not been covered by PBC

FIG. 1. Dependence of critical temperatureTc ~closed symbols! and transi-
tion widthDT ~open symbols! on YBCO film thicknessd for films deposited
on MgO and sapphire substrates with and without a PBCO buffer layer.
lines are to guide the eye.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Downloaded 15 De
TABLE I. Parameters of the samples.

Sample
Tc

~K!
DT
~K!

Rn ~100 K!
~V!

d
~nm! Substrate

j c ~40 K!
~A/cm2!

Sp2 No. 11 85 9 336 20 Sapphire 13107

Sp2 No. 17 81 16 706 20 Sapphire 2.23106

MgO4 No. 3 87.8 3.6 81 100 MgO 2.23107

MgO4 No. 5 87.6 2.8 34 100 MgO 2.43107

MgO3 No. 11 72 19 257 40 MgO 5.753105

P348 No. 13 87.85 4.3 137 90 Sapphire 2.93106

MgO17 No. 10 77.4 9 37.6 20 MgO 2.63106
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Figure 1 shows the dependence ofTc and DT ~closed and
open triangles, respectively! of YBCO films on MgO with a
PBCO buffer layer on YBCO film thicknessd. It is seen that
even for the thinnest film withd510 nm a transition tem-
perature ofTc'82 K is still higher than the liquid nitrogen
temperature and thatDT'2.8 K is smaller than even that fo
30 nm thick YBCO films deposited on MgO without a PBC
buffer layer. We also deposited several YBCO films withd
520 nm on a sapphire substrate with a PBCO buffer lay
For these filmsTc'88 K andDT'0.4 K measured just afte
film fabrication are shown in Fig. 1 by closed and open d
monds. However, over a few days these films degraded
after stabilization of the film characteristics we foundTc

'84 K and DT51.5 K. These parameters are a little b
worse than those of the YBCO film with the same thickne
on MgO with a PBCO buffer layer.

The YBCO films were patterned into microbridges wi
width '1 mm and length'1.5 mm limited by gold contact
pads using standard photolithography and the ion-beam e
ing technique. After patterning, a 100 nm thick SiO lay
was thermally evaporated on top of the bridge to protec
against mechanical damage and absorption of water. The
perconducting and dc parameters of the samples discuss
this article, measured by a standard four-probe method,
listed in Table I. The superconducting transition width w
determined asDT5Tcon–Tcoff, whereTcon andTcoff cor-
respond to 0.9 and 0.1Rn , respectively~Rn is the resistance
of a sample in the normal state!. The critical temperature wa
taken in the middle of transition. The current according to
voltage drop of 50mV was defined as the critical currentI c .

For YBCO film characterization we also measured
temperature dependence of the second critical magnetic
Hc2(T) of several samples. In these measurements a sa
was mounted on a copper block near the temperature se
An external magnetic field perpendicular to the YBCO fi
surface was created by a 2 T superconducting solen
mounted on a standard Heliox 2VL insert~Oxford
Instruments!.11 At temperatures nearTc we determined a
magnitude of the magnetic field, at which the resistance
sample reached a value of about 0.2Rn . This value of the
magnetic field we related to the second critical magnetic fi
at given temperature ofHc2* (T). Of course, the magneti
field determined in this way is not the true value ofHc2 , and
we cannot calculate the absolute magnitude ofHc2(0). But
based on the results we can obtain information about
relative difference between theHc2* (0) of our different
samples. For example, for samples Sp2 No. 11 and Sp2
c 2006 to 134.94.122.39. Redistribution subject to AIP
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17 we have obtained approximately the same value
Hc2* (0) of about 26.5 T and for sample MgO4 No. 5 a two
times larger magnitude ofHc2* (0)557 T.

Figure 2 shows a sketch of the experimental setup
measurements of the response upon electromagnetic r
tion of YBCO thin-film microbridges. In our experiment w
used two millimeter-wave generators: a tunable backw
wave oscillator~BWO! with radiation frequency in the rang
of 78–119 GHz and a 90–94 GHz Gunn oscillator. The
diation frequency of the Gunn oscillator was fixed and t
BWO was tuned in the range of intermediate frequencyD f
from 1 MHz up to 25–30 GHz. The radiation from bot
sources was coupled to a device by a waveguide dipstick
the course of measurements the sample was mounted
copper holder along with a temperature sensor. One con
pad of the sample was grounded and the other was conne
to a semirigid coaxial cable. The sample holder was attac
to the output of the 3 mm waveguide dipstick, which w
immersed into a liquid helium transport Dewar. The sup
conductivity in the sample was strongly suppressed by ra
tion from the BWO, which acts as a local oscillator in o
experiment. The radiation power from the Gunn oscilla
~signal source! was adjusted to be less than 1% of the pow
of the LO in order to avoid any influence of signal power
the operating point of the device. During measurement
radiation from the signal source and LO was kept consta
The sample was biased by a constant voltage source v
broadband bias tee. By altering the distance between
sample and the liquid-helium bath we changed the opera

FIG. 2. Sketch of an experimental setup for measurements of the inte
diate frequency spectra of YBCO thin-film microbridges. The local osci
tor ~LO! is a 78–119 GHz backward wave oscillator and the signal sourc
a 90–94 GHz Gunn oscillator.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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temperature, which was stable enough to measure a spec
of the response of the sample in the whole IF range. The
response of the sample was analyzed by a spectrum ana
~Tektronix 2782! and automatically stored in a computer. T
spectra measured were corrected, taking into account
losses of the IF power in the readout system.

III. À3 dB ROLL-OFF FREQUENCY DEPENDENCE ON
THE BIAS VOLTAGE

Typical response spectra of a YBCO thin-film micr
bridge measured at different bias voltages are shown in
3~c! along with current–voltage characteristics@IV curves,
Fig. 3~a!# and the dependence of the differential resista
dU/dI on the bias voltage@dRV curves, Fig. 3~b!# under

FIG. 3. ~a! IV curves of sample MgO4 No. 3 at operation temperatureT
589.5 K; dashed line: without irradiation, solid line: under optimal L
power; ~b! differential resistance of the sample: dashed line: without ir
diation; solid line: under LO power. The dashed vertical line shows
position of the bias voltageU0 that corresponds to the first maximum of th
differential resistance;~c! IF spectra measured at three bias voltage valu
the dashed horizontal line shows the23 dB level of the response drop
arrows indicate the position off ro . The solid lines are to guide the eye.
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optimal LO power ~solid lines! and without irradiation
~dashed lines!. The symbols on theIV anddRVcurves indi-
cate the operating points, at which the dependencies
sample response on intermediate frequency were meas
In these measurements at each bias voltage the LO po
was adjusted in order to drive the sample into an optim
state, where the response from the sample is maxima
dashed horizontal line shows the23 dB level of the drop in
response and arrows indicate the position of the23 dB roll-
off frequency f ro in Fig. 3~c!. It is clearly seen in Fig. 3~c!
that the shape of the spectrum and the magnitude off ro are
essentially dominated by the value of the bias voltage. T
spectrum measured at the highest bias voltage~shown by
squares! has the steepest dependence of microbridge
sponse on the intermediate frequency and at the same
the smallest magnitude of23 dB roll-off frequency. The
spectrum measured at the bias voltage indicated in Figs.~a!
and 3~b! by circles is characterized by the flattest depende
of the response on IF. At this bias voltage thef ro value is
about an order of magnitude higher than it was at the high
bias voltage. The23 dB roll-off frequency of the spectrum
measured at intermediate bias voltage@triangles in Fig. 3~c!#
is lower thanf ro of the low-voltage spectrum~circles! and
higher thanf ro obtained at the highestUbias ~squares!.

From the analysis of the dependence of the differen
resistance on the bias voltage we have found that the sh
of the spectrum and thef ro value correlate with the position
of the operating point on theIV curve with respect to the
FMDR. In Figs. 3~a! and 3~b! a vertical dashed line show
the position of the FMDR on theIV and dRV curves. The
corresponding voltage will be denoted byU0 . In a first ap-
proximation, we divide the whole range of bias voltage in
two ranges separated by voltageU0 . For sample MgO4 No.
3 ~see Fig. 3! all operating points are atUbias<U0 , never-
theless the closer the operating point to FMDR the sma
value of f ro . However, results obtained on a similar samp
~MgO4 No. 5! show rapid changes of thef ro value at bias
voltage equal toU0 . In Fig. 4 we present theIV and dRV
curves of this sample along with thef ro dependence on the

-
e

;

FIG. 4. IV curves of 100 nm thick YBCO microbridge~MgO4 No. 5! at
T581.4 K under LO power~solid line! and without irradiation~dotted line!.
Circles are operating points. The dashed line represents the dependen
differential resistance on the bias voltage. Inset: Bias voltage dependen
23 dB roll-off frequencyf ro . The solid line is to guide the eye.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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bias voltage in the inset. Only one operating point for t
device is atUbias,U0 , all others are at voltages higher tha
U0 . For the low-voltage operating point we have obtain
f ro of about 300 MHz~see the inset in Fig. 4!. For all oper-
ating points atUbias.U0 the value off ro is almost constan
and is about one order of magnitude smaller~'35 MHz!
than f ro obtained at bias voltage ofUbias,U0 . This result
was obtained on sample MgO4 No. 5 atT581.4 K, which is
noticeably lower than the critical temperature. TheIV curve
measured without LO power~dotted line in Fig. 4! has a
peak of the current at low voltages, which clearly indica
the presence of self-heating of the sample and the forma
of a hot spot inside the YBCO bridge. The differential res
tance of the irradiated sample has at least five clear obs
able maxima in its dependence on bias voltage~dashed line
in Fig. 4!. However, the value off ro after the FMDR remains
the same independent of the position of the operating po
whether it is just after the FMDR or at voltages higher th
Ubias, which corresponds to the second or third maximum
the dRV curve. Generally, all samples investigated dem
strate similar influence of the bias voltage on the23 dB
roll-off frequency.

Based on the experimental results we can formulate
phenomenon in the following way: at voltages lowerU0 the
23 dB roll-off frequency of the photoresponse of the YBC
thin-film microbridge has a larger value than atUbias.U0 .
At Ubias<U0 the f ro value decreases more or less monoto
cally as the bias voltage approachesU0 .

Note that the value ofU0 is different for different
samples~'125 mV for MgO4 No. 3 and'17 mV for MgO4
No. 5! and depends slightly on the operating temperatu
The position of the FMDR shifts toward higher bias volta
with an increase in temperature. For example, for sam
Sp2 No. 17 we have found thatU0 at 75 K is about 1.3 times
larger than atT57.4 K. At the same time the second an
other peaks on thedRVcurves shift toward lowerUbiasas the
operating temperature increases.

The presence of the peaks on thedRVcurve indicates the
formation of one or several normal conducting regions w
T>Tc* inside the YBCO bridge. The formation of a norm
region occurs in the part of the bridge where the superc
ductivity is weaker, i.e., where the transition temperatureTc*
is lower than the average transition temperature of the
crobridge. The presence of several maxima indicates tha
increase ofUbias leads to series formation of some norm
islands inside the bridge. Another possible explanation
this behavior of the differential resistance is the step by s
expansion of the initial normal-state island due to joining
the neighboring parts of the microbridge. Additionally, ea
normal part increases due to Joule heating.

The values off ro measured atUbias.U0 correspond to
the frequencies determined by the rate of the nonequilibr
phonons’ escape from the YBCO film to the substratef es

5(2ptes)
21, wheretes51003d (nm) ps for sapphire and

tes'493d (nm) ps for the MgO substrate.6 The experimen-
tally determined and calculated values off es are listed in
Table II. The drop of the IF response due to phonon esc
could be detected also atU,U0 . In this case the difference
between the phonon escape plateau and the next one us
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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was less than 3 dB. But under certain conditions~one of
them is relatively low temperature! it was enough to deter
mine f es via fitting of the low-frequency part of the spectru
using the following frequency dependence of t
photoresponse:12

DUes~D f !5
DUes~0!

A11~D f / f es!
2

. ~1!

The good agreement between the experimental and ca
lated values off es allows us to assert that the response sp
trum measured at voltages higher than the voltage of
FMDR is dominated by electron-energy relaxation proces
via inelastic electron–phonon interaction and phonon esc
from the film to the substrate.13

At Ubias,U0 and under LO irradiation the current i
proportional toAUbias for most of the samples. This depen
dence of the current is typical of viscous motion of the ma
netic vortices under Lorenz force.14 Thus, we assume that a
voltages lower than the voltage corresponding to the FM
vortex motion dominates the dynamic properties of t
YBCO thin-film microbridge.

IV. TEMPERATURE DEPENDENCE OF THE À3 dB
ROLL-OFF FREQUENCY

Here we analyze the temperature dependence of the23
dB roll-off frequency measured on the same samples.
Ubias.U0 the experimental value off ro is dominated by pho-
non escape from the film to the substrate and has no esse
dependence onT, which agrees with theory.13 In the follow-
ing discussion we will consider results obtained at bias v
ages ofUbias,U0 . Within this voltage range the LO powe
and Ubias were adjusted to reach the maximum response
the sample. This adjustment was done at lowT, after that the
bias voltage was kept constant and at higher temperature
changed only the LO power to reach the maximal sig
value. Three spectra measured on sample MgO3 No. 1
different temperatures are shown in Fig. 5. Arrows indic
the position of the23 dB drop of the signal on the curve
related to operating temperatures of 40 and 66 K. The sig
measured atT571 K has no clearly detectable23 dB drop
even at the highest intermediate frequencies. A sim
change in the response spectrum of the YBCO thin-film m
crobridge with an increase in operating temperature was
tained for all samples studied. In Fig. 6 we plot the tempe
ture dependencies off ro for the samples discussed in th
article. Usually at temperatures much lower than the criti

TABLE II. Calculated and experimental values of the23 dB roll-off fre-
quency corresponding to the phonon escape from YBCO films to MgO
sapphire substrates.

Substrate
Film thickness

~nm!
Calculatedf es

~MHz!
Experimentalf es

~MHz!

Sapphire 20 80 80
Sapphire 90 18 40

MgO 20 164 180
MgO 40 82 Not measured
MgO 100 29 33
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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temperature the value off ro is weakly dependent onT. How-
ever, at higher temperatures and especially atT close toTc

the23 dB roll-off frequency increases dramatically. For tw
samples~Sp2 No. 17 and MgO3 No. 11! the spectra of the
response obtained at the highest operating temperatures
flat within the accuracy of the measurements. Therefore,
last points for these samples, indicated by open symbols
the graph, are plotted at the maximal IF of about 25 GH

Figure 6 shows that the low-temperature values off ro

greatly change from sample to sample. The difference
more than an order of magnitude if we compare sam
MgO17 No. 10 @ f ro(T/Tc50.1)'7.5 GHz# and samples
MgO4 No. 3 and MgO4 No. 5@ f ro(T/Tc50.9)'0.3 GHz#.
In analyzing these results we have found that samples w
higher normal state resistivityrn ~see Table I! show higher
values of f ro at low temperatures. For example, amo
samples Sp2 No. 11, Sp2 No. 17, and MgO3 No. 11
normal state resistivity of the first one has the smallest va

FIG. 5. Dependence of the response of a YBCO microbridge~MgO3 No.
11! on intermediate frequency at different operating temperatures meas
at Ubias,U0 . Arrows indicate the23 dB drop of the signal. The lines are t
guide the eye.

FIG. 6. Temperature dependence of the23 dB roll-off frequencyf ro mea-
sured atUbias,U0 . Open symbols show the value off ro for samples Sp2
No. 17 and MgO3 No. 11 measured at the highest operating tempera
where the spectra of the response have no clearly detected23 dB drop of
the signal. The lines are to guide the eye.
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~'450V cm!, rn of Sp2 No. 17 is the largest~'940V cm!,
andrn of the sample MgO3 No. 11 has an intermediate va
of about 685V cm. The magnitudes of the23 dB roll-off
frequency atT/Tc'0.5 are 2.7, 4, and 8.5 GHz for sample
Sp2 No. 11, MgO3 No. 11, and Sp2 No. 17, respectively. I
also possible to find similar dependence of the roll-off fr
quency for samples with larger thicknesses~P348 No. 13 and
MgO4 No. 5!, but only at temperatures close toTc : an in-
crease of the resistivity leads to an increase of the roll-
frequency at a given temperature.

An additional correlation was observed between the23
dB roll-off frequency and the upper critical magnetic fie
Hc2* (0) evaluated from the experimentally determined va
of the temperature derivative of the second critical magn
field dHc2* (T)/dT. Some of our samples~Sp2 No. 11, Sp2
No. 17, MgO17 No. 10, and MgO3 No. 11! are characterized
by a small value ofHc2* (0) in comparison with the others
For example, for a sample on sapphire Sp2 No. 11 the va
of Hc2* (0) is two times smaller than for MgO4 No. 5~see
Sec. II!. At the same time, these samples with lower value
Hc2* (0) demonstrate a higherf ro value over the whole tem
perature range.

Before we start discussion of the results obtained we w
repeat the basic experimental facts concerning the23 dB
roll-off frequency of the response of the YBCO thin-film
microbridge to electromagnetic radiation.

~1! We have found a characteristic bias voltageU0 , which
corresponds to the first maximum of the differential r
sistance of the YBCO thin-film microbridge. At voltage
higher thanU0 the response spectrum has a23 dB roll-
off frequency, which corresponds to the frequencyf es

5(2ptes)
21 of the phonon escape from the film to th

substrate. AtUbias,U0 the f ro value is larger thanf es

and decreases gradually as the bias voltage approa
U0 .

~2! The23 dB roll-off frequency measured atUbias.U0 has
no detectable temperature dependence, since the i
mediate frequency dependence of the YBCO mic
bridge response at this bias condition is caused by p
non escape from the film to the substrate.

~3! Measurements of the23 dB roll-off frequency per-
formed atUbias,U0 show an increase of thef ro value
with an increase in operating temperature.

~4! YBCO thin-film microbridges characterized by high
resistivity and lower value of the upper critical magne
field reveal a higher value of the23 dB roll-off fre-
quency measured atUbias,U0 at certain operating tem
peratures.

The gradual transition off ro from a large value atUbias

,U0 to a smaller one at voltages aboveU0 can be explained
by the simultaneous presence and competition of two dif
ent mechanisms of the response of the YBCO bridge on e
tromagnetic radiation: heating of electrons and phonons
vibration of magnetic vortices. A change in bias volta
gives rise to more favorable conditions for one or the ot
mechanism, which then becomes dominant and determ
the response of a microbridge. Because of different cha

ed

re,
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teristic response times of these mechanisms and depen
on their relative contribution to the response at a given b
voltage we obtain a lower or higher23 dB roll-off fre-
quency. The temperature dependence off ro and the differ-
ence in its low-temperature values for different samples
explained by the same approach.

Heating of electrons in superconductors is a well-kno
effect and we refer the reader to a review13 for a detailed
description. Now let us consider the second mechanism
contributes to the response of a YBCO thin-film microbridg
Transport current flows through the microbridge and crea
magnetic vortices that penetrate the microbridge. Under
influence of Lorenz force these vortices move across the
crobridge and create an electric field directed along
bridge. Under external electromagnetic radiation there is
ditional force, which acts on vortices and results in th
vibration near the quasiequilibrium state. In the presence
two radiation sources with close radiation frequency vorti
vibrate with a periodically changing amplitude. The beati
frequency of the vibration amplitude isD f 5u f LO2 f Su,
wheref S is the radiation frequency of the signal source. T
vibration of magnetic vortices with velocitynV(t) ~the am-
plitude of the velocity is also modulated with the same f
quencyD f ! creates an alternating electric field,

E~ t !5nV~ t !B~ I tr!, ~2!

whereB(I tr) is the magnetic induction created by the tran
port current. The equation of motion of the magnetic vor
could be written in the form of constrained vibrations wi
damping,

mẍ52kx2h ẋ1F1~ t !1F2~ t !, ~3!

wherex is the displacement andm is the mass of the vortex
k andh are the pinning and viscous drag coefficients, resp
tively, F1(t) and F2(t) are two external forces induced b
the local oscillator and signal sources. Solving Eq.~3! with
regard tonV5 ẋ we obtain the swing of the beating amp
tude of the velocity,

DAV5maxAV2minAV , ~4!

and its dependence on intermediate frequency in the foll
ing form:

DAV~Dv!}
2F2~vLO1Dv!

mA@v0
22~vLO1Dv!2#21l2~vLO1Dv!2

.

~5!

In Eq. ~5! v0[2p f 0 is the fundamental frequency of a
oscillatorAk/m, l is the viscosity of a mediumh/2m, and
Dv[2pD f is the intermediate circular frequency. The tem
perature dependencies off 0 and l are determined by the
temperature dependencies of the pinning constantk and of
the viscous drag coefficienth, which can be written accord
ing to Ref. 15 as

k}Hc
2~0!~12t !4/3~11t !2, ~6!

h}
Hc2~0!

rn

12t2

11t2 , ~7!
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where t5T/Tc is the reduced temperature, andHc(0),
Hc2(0) are the thermodynamic and upper critical magne
field, respectively. In Ref. 16 the mass of the magnetic vor
was determined to be proportional toh2.

We would like to note that all our experimentally me
sured spectra have no specific features which could be id
tified as a resonant peak. In the case off LO, f 0 the beating
amplitude of the velocityDAn , Eq. ~5!, will have resonance
at D f 5 f 02 f LO . A typical experimental response spectru
has a plateau at low intermediate frequencies and gradu
decreases at higher IF until the highest frequencies of m
surements. We also estimated the fundamental frequencf 0

using the most frequently occurring values in the literature
the pinning constant and the viscous drag coefficient. Fok
'105 N/m2 andh'1026 N s/m2 ~see, for example, Ref. 15!
f 0 will be about 0.5 GHz, which is much smaller than o
local oscillator frequency of 100 GHz. Thus, we will no
consider only the high-frequency limit, i.e.,f LO. f 0 , where
the spectrum of the response is monotonic and can be
scribed by a reduced formula,

DAV~D f !'
2F2

m~ f LO1D f !
, ~8!

with the characteristic roll-off frequencyD f '0.4f LO .
Taking into account all arguments stated before the to

response of the YBCO bridge, in the general case can
written as

DU~D f !5WV3DUV~D f !1DUes~D f !, ~9!

where WV is a phenomenological factor dependent on
YBCO film quality and operating conditions.DUV(D f ) and
DUes(D f ) are the contributions from vibrating vortices an
hot electrons calculated using Eqs.~5! and ~1!, respectively.
At Ubias higher than the voltage of the FMDR hot-spot fo
mation prevents magnetic vortex penetration into a brid
thus the vortex contribution to the response is negligible a
we supposeWV50. The total response is only due to heati
of electrons in the film, and the23 dB roll-off frequency in
our relatively thick films is determined by the phonon esca
time. In this case there is no temperature dependence off ro ,
which is in good agreement with our experimental resu
The situation atUbias,U0 is nontrivial substantially. Within
this limit the factorWV is nonzero and its absolute value
determined by a lot of parameters.

To simplify the problem we make some assumptions.
principle, we have to take into account the influence of
transport current value on the magnitude of the vortex c
tribution @see Eq.~2!#. At the same bias voltage the highe
the temperature the lower the transport current that flo
through the YBCO bridge and as a result this current indu
a smaller magnetic field. At the same time the hot-elect
contribution is also proportional to the transport current,

DUes~0!}I 3DR5I
dR

dT
DT. ~10!

Since the magnitudes of both contributions are proportio
to the transport current we can assume that this transp
current factor is more or less the same for both and ignor
in further considerations.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



a
ha
re
t

th
r

tu
in

a
is

se
us
-

he

-
t

om
-
to

-

re
se

eld

n

ght
r

en-
ional
the
e of
e

n-
row
g-
ss
O

of

o.

cro
te
e

-

the

368 J. Appl. Phys., Vol. 92, No. 1, 1 July 2002 K. S. Il’in and M. Siegel
At the same time it is clearly seen from Eq.~8! that
DUV(0)}m21 and strongly increases as the temperature
proachesTc . Thus, for our calculations we can suppose t
the magnitude of the hot-electron contribution at least
mains the same but the vortex response increases with
temperature due to reduction ofm;h2, Eq. ~7!. Figure 7
shows the normalized curves of the total response of
microbridge calculated at different temperatures and fo
certain value ofWV using Eq.~9!. The dashed horizontal line
indicates the position of the23 dB drop of the signal. The
broadening of the spectrum with an increase in tempera
is seen clearly. Also, from our calculations we obta
changes in the shape of the spectrum. AtT50.1Tc it is char-
acterized by two plateaus: the first is due to phonon esc
with 23 dB rolloff at D f '100 MHz and the second one
attributed to the vortex mechanism. At temperatureT
50.6Tc the vortex contribution to the microbridge respon
becomes larger, the difference between these two platea
already less than 3 dB, andf ro'20 GHz is determined al
most completely by the vortex vibration mechanism.

In Fig. 8 we present results of our calculations of t

FIG. 7. Simulated dependence of the response of a YBCO thin-film mi
bridge on the intermediate frequency calculated for several operating
peratures. The response is normalized to the value at zero intermediat
quency. The dashed horizontal line indicates the23 dB level of the response
drop.

FIG. 8. Dependence of the23 dB roll-off frequency on the reduced tem
perature calculated for different values of viscous drag coefficienth indi-
cated near each curve.
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dependence of the23 dB roll-off frequency on reduced tem
perature for different values of the viscous drag coefficienh.
It is seen that the theoretically obtained picture~Fig. 8! looks
qualitatively similar to the experimental results~Fig. 6!.
Without any additional assumptions we have obtained fr
Eq. ~9! an increase off ro with an increase in operating tem
perature. We have found that the larger vortex contribution
the microbridge response leads to the higher23 dB roll-off
frequency at certainT. The increase of the vortex contribu
tion can be simulated either by increasing factorWV or by
reducingh. The results of calculations shown in Fig. 8 we
obtained by varying the viscous drag coefficient only. The
variations reflect changes of the upper critical magnetic fi
and of the film resistivity, Eq.~7!, simultaneously. The two
curves on the left~0.11 h0 and 0.13h0! were obtained for
values ofh which are about four to eight times smaller tha
those for the curves on the right~0.5h0 andh0!. We have to
note that for a lower value ofh the23 dB roll-off frequency
dependencies onT are more sensitive to changes ofh than
for higher values. The values ofh for the pair of curves on
the left ~solid and dashed lines! differ from one another by
less than by 20%. At the same time, we have changedh by a
factor of 2 to reach the difference for the curves on the ri
~solid and dashed lines! in Fig. 8, which describes more o
less the experimental situation.

The calculated temperature dependencies of the23 dB
roll-off frequency are stronger than the experimental dep
dencies. One of the reasons is the presence of the addit
damping factor, which weakens the vortex contribution to
total response. As seen in Fig. 9 the differential resistanc
sample Sp2 No. 17 atUbias50 is nonzero and depends on th
temperature. This means that at a givenT and even at volt-
ages much lower the FMDR the microbridge already co
tains some regions in the normal state. These regions g
with the temperature and interfere with motion of the ma
netic vortices. This effect can, in principle, strongly suppre
the vortex contribution in the total response of the YBC
thin-film microbridge to electromagnetic radiation.

The recently reported dependence of the IF bandwidth
the HTS HEB mixer on the frequency of radiation8 can be
found within the framework of our theoretical approach als

-
m-
fre-

FIG. 9. Experimental dependence of differential resistance atUbias→0 on
the operating temperature for sample Sp2 No. 17. The line is to guide
eye.
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The value of the vortex contribution in the response of
YBCO bridge is inverse to the local oscillator frequency, E
~8!. So, at terahertz LO frequency the vortex response of
YBCO microbridge will be at least 10 times weaker than
100 GHz and the23 dB roll-off frequency can be com
pletely determined by the hot-electron contribution. At t
same time the HEB mixer bandwidth about 7 GHz obtain
at 585 GHz LO frequency7 is evidence of the dominant effec
of the vortex contribution in the mixer response even at
times higher LO frequency than in the present study.
have obtained the samef ro of about several gigahertz for tw
values off LO ~1 and 0.1 THz! using for calculations at highe
f LO a three times smallerh value than forf LO50.1 THz.
This means that in the YBCO thin films characterized by l
magnitude of the upper critical magnetic field and hi
normal-state resistivity vortex motion can play an app
ciable role in the determination of the microwave response
the microbridge.

V. CONCLUSION

The dependencies of the23 dB roll-off frequency on the
operating temperature, bias voltage, and YBCO film qua
were studied experimentally and theoretically. It was sho
that these phenomena could be explained by the compet
of two additive mechanisms of the response of a YBCO th
film microbridge to the electromagnetic radiation. The fi
mechanism, the so-called heating of electrons and phon
dominates the response of a sample at bias voltages h
than the voltage, which corresponds to the first maximum
the differential resistance and also at temperatures m
smaller thanTc . The last assertion is true only for film
characterized by a high value of the second critical magn
field and low resistivity. On the other hand, YBCO high r
sistivity samples with low viscous drag coefficient have a23
dB roll-off frequency value of about several gigahertz ev
at T!Tc . This huge magnitude off ro is due to the second
mechanism of the response: vibration of magnetic vortic
The competition between these two mechanisms determ
the temperature, bias voltage, and film quality dependen
of the 23 dB roll-off frequency of YBCO thin-film micro-
bridge response to microwave electromagnetic radiation.
believe that even in the terahertz frequency range the dev
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
e
.
e
t

d

x
e

-
f

y
n
on
-
t
s,
er
f

ch

ic

n

s.
es
es

e
es

made from the YBCO thin films with high normal-state r
sistivity and small value of upper critical magnetic fie
could be used for detecting and mixing radiation using
effect of magnetic vortex vibration. Further experimental a
theoretical studies of the magnetic vortex contribution to
microwave response of the YBCO bridge are needed, e
cially those that focus on nonlinearity, which occurs at lar
amplitude of the signal, and also a detailed study of vor
vibration at high local oscillator frequency in the terahe
range.
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