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Microwave mixing in microbridges made from YBa  ,Cu30,_, thin films
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We present a systematic study of the response of a,&B#,_, 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 fi@mL,¥Ba, films

with different thicknesses. Once the bias voltage exceeds the value corresponding to the first
maximum of differential resistance, the value of th& dB roll-off frequency of the microbridge
response is drastically reduced. On the other hand, at temperatures closbeaoll-off frequency

rises to about 20 GHz. For high resistivity YE2u,0,_, films with relatively low upper critical
magnetic fields the-3 dB roll-off frequency is about 7 GHz even at temperatures much smaller than
T.. To explain the results obtained we consider the presence of two additive mechanisms that
contribute to the YBsCu;O; _, 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-8fdBeroll-off frequency

as well as the recently reported dependence of the intermediate frequency bandwidth of
YBa,Cu;0;_, 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 Physic§DOI: 10.1063/1.1481773

I. INTRODUCTION about 9 GHz measured at 115 GHz LO frequefgy and a
smaller value of 7 GHz &t =585 GHz(the operating tem-
High-temperature  superconductors (HTS)  like  perature in both cases was about 70 Measurements per-
YBa,Cuz0;_« (YBCO) were introduced recently as promis- formed in the radiation frequency range of 10—480 GHz
ing materials for the development of ultrafast sensitive hethaye also shown a reduction ff with an increase in photon
erodyne receivers of electromagnetic radiafioBne clear  energy but much more considerably than that in Ref. 7. Also
advantage of HTS is the high critical temperature of the suygrnacket al® reported in thaff, strongly depends on the
perconducting transition, which exceeds the boiling temperapjzg voltage and changes from about 2 GHz for low-voltage
ture of liquid nitrogen. The operating temperature of HTSpjas operation down to hundred megahertz with an increase
devices for most applications is higher than 20 K and itjn pjas voltage. Recently, in the range from 1 up to 20 GHz
allows one to use low power cryocoolers, which is very sig-of radiation frequency the strong temperature dependence of
nificant for long-term atmospheric or space missions. Withfro has been observed mostly due to the shift of optimal
regard to YBCO thin films it is important to note another pperation points of the HEB mixer toward lower bias voltage
advantqge qf HTS. The very short inelastic electron-phonong the temperature approachBs.® At operating tempera-
scattering time 7.,~2 ps at temperatures of abot  tres much lower than the critical temperature the magnitude
~85-90 K allows one to suggest YBCO thin films for the of f was only several hundred megahertz for films with
development of hot-electron bolomet@iEB) mixers of  ihicknessd=30nm and increased up to 2.4 GHz &t
electromagnetic radiation with a characteristi@ dB roll- ~T,.
off frequencyf, up to 100 GHZ® This wide intermediate To gain better insight into the physical processes respon-
frequency(IF) bandwidth of the mixer is very important es- sjpje for the above mentioned features of YBCO HEB mixers
pecially in the terahertz frequency range because of the lacke have performed a detailed systematic study of the re-
of a tunable local oscillatdiLO) for these frequencies. How- gnqnse of YBCO thin-film microbridges to millimeter wave
ever, as shown in Ref. 1 the significant magnitude of th§gqiation over a wide temperature range and at different bias
thermal boundary resistance of the YBCO film—substratg,qngitions. Based on the experimental results obtained we

interfacé limits f,, of these devices to much smaller values have assumed that the response of YBCO thin-film micro-
of about 2-3 GHz. Moreover, recertfyit has been demon- bridges is due to contributions from two different mecha-

strated that mixers made from YBCO films have properties,igms. Heating of electrons and phonons in the film mostly

that areg very different in comparison with theoretical jefines a response spectrum at temperatures much lower than
estimates and similar devices made from Iow-temperature-l-C and bias voltagesJ, .. higher than voltagdJ,, which

. 7 . .
superconductors. Let al.” have obtained on 100 nm thick cqresponds to the first maximum of differential resistance
YBCO films a response spectrum with a roll-off frequency of (g\pR). The second mechanism is based on vibrations of

magnetic vortices under the influence of external electromag-
dElectronic mail: k.ilin@fz-juelich.de netic radiation. This mechanism dominates the response of
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YBCO microbridges at bias voltages lower thaly, espe- 92— 16

cially at temperatures close .. The competition between 90 A  am——" i;
. . . . A

these two mechanisms determines the magnitude of the mi- :(8) t e 10

crobridge response, its spectrum, the8 dB roll-off fre-

guency dependencies on the bias voltage, the operating tem-

perature, and the local oscillator frequency. ol 2
This article is organized in the following way: In Sec. Il 7L

we describe the technology for fabricating YBCO thin films 76 L \

and samples, their characteristics, and the experimental tech- 74k

nigue for measurement of the microwave response of the 72k ; D_g

microbridges. The results of measurements of the response 700 TR T — 16m“’ 168-

of YBCO thin-film microbridges at different bias voltages Film thickness (nm)

and a discussion df,, dependence ob,;,s are presented in

Sec. lll. The experimental dependencies of th@ dB roll- g 1. pependence of critical temperatdfe (closed symbolsand transi-

off frequency on the operating temperature and an analysign width AT (open symbolson YBCO film thicknessl for films deposited
of processes in YBCO thin-film microbridges under millime- on MgO and sapphire substrates with and without a PBCO buffer layer. The

ter wave radiation are presented in Sec. IV. lines are to guide the eye.
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: (YBCO films on MgQ and by squaregYBCO films on

YBCO films with thicknesses from 10 to 100 nm were sapphirg.

fabricated using the standard pulsed-laser depos{fiD) The technology described above is not applicable for
technique. The density of the laser energy on the target wagBCO films with thicknesses less than 40 nm. The 30 and 20
about 1 J/crhper pulse and the repetition frequency of the nm thick YBCO films on MgO show a strong reductionTof
laser pulses was 10 Hz. The substrates were commercialljown to 82 and 72 K, respectively, along with abrupt broad-
available single-side polished Mg®100 and sapphire ening of the superconducting transition froaiT=6 K for
(1102 single crystals with thicknesses of 0.3 and 0.5 mmi,thicker films to 15 K for the thinner ondsee Fig. 1. Addi-
respectively. The substrates were glued on to the heater usintignally, these film shown strong degradation up to a total
silver paste for better thermal contact. The base pressure suppression off . with in a week of deposition. The strong
the chamber was better thana0~° mbar. For fabrication lattice mismatch plays the major role in this situation. The
of YBCO films on sapphire substrates we used a Cle@fer  top part of a YBCO film has a good and stable enough sto-
layer depositedh situ at a heater temperature of 820 °C andichiometric structure until the film thickness is more than the
an oxygen pressure gig,=0.2 mbar. After deposition of length of the lattice constant transition from MgO to YBCO.
CeO, we changed the target without breaking vacuum andn this caseT, andAT have more or less monotonic depen-
deposited a YBCO film thicker than 20 nm at 810 °C anddence on the film thickness. For films with<30 nm the
Poo= 0.5 mbar. For fabrication of YBCO films thicker than lattice mismatch between the film and substrate already
40 nm on MgO substrates a 10 nm seed layer of YBCO waslominates over the whole film thickness. This is one reason
deposited at 650—-780°C and afterwards the residual thickkor oxygen deficiency, which leads to a reductionTgfand
ness of YBCO was deposited at a higher temperature dbroadening of the superconducting transition. To avoid these
785 °C. The oxygen pressure of 0.5 mbar was kept constamffects for films with thicknesses less than 40 nm we devel-
during the whole process. Usually, YBCO films on MgO oped a more complicated technological process. To improve
substrates with a seed layer deposited at higher temperatusebstrate—film matching we deposited an additional
show a higher critical temperaturE, in comparison with PrBaCu;O,;_, (PBCO buffer layer using the same PLD
films fabricated on seed layers, which have been grown aechnique. PBCO is a semiconductor with a crystalline
lower temperature. The width of the superconducting transistructuré® similar to that of YBCO and the lattice mismatch
tion, AT, was approximately the same for all deposition tem-between these two materials is negligitle1.5%. The
peratures of the seed layer. However, the long-term stabilitPBCO buffer layer with a thickness of about 20 nm was
of superconducting characteristiCs. andAT) was better in  deposited directly on to the MgO substrate at a temperature
the case of low-temperature growth of the YBCO seed layerof 780 °C and oxygen pressure of 0.4 mbar. Then we depos-
The best combination of high,, narrowAT, and long-term ited the YBCO film at 795 °C an@o,= 0.5 mbar. For fabri-
stability was obtained for seed layers deposited at 700 °C. Atation of YBCO films thinner than 30 nm on sapphire sub-
these conditions typical values #f~85 K andAT~0.3 K strates, first we deposited a Cebuffer layer, then a 20 nm
without any degradation for 3 months were obtained forthick PBCO layer at 810 °C andg,=0.5 mbar and, after
YBCO films with a total thickness of 40 nm. A gold protec- that, the YBCO film. Finally, we deposited a thin PBCO film
tive layer of about 50 nm thick was depositedsitu using (=10 nm on top of the YBCO film. This second PBCO
dc-magnetron sputtering. After film fabrication the critical layer was used as a protective layer for the YBCO film dur-
temperature and the width of the superconducting transitioig ion beam etching. Moreover, our experience shows that
were measured using an inductive technique. The dependeMBCO films with a PBCO protective layer are more stable
cies of T, and AT on the total YBCO film thicknesd are  than YBCO films, which have not been covered by PBCO.
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TABLE |. Parameters of the samples.

Te AT R, (100 K) d jc (A0 K)
Sample (K) (K) Q) (nm) Substrate (Alcm?)

Sp2 No. 11 85 9 336 20 Sapphire x10
Sp2 No. 17 81 16 706 20 Sapphire 2.20°
MgO4 No. 3 87.8 3.6 81 100 MgO 210
MgO4 No. 5 87.6 2.8 34 100 MgO 2410
MgO3 No. 11 72 19 257 40 MgO 5.%610°
P348 No. 13 87.85 4.3 137 90 Sapphire 23
MgO17 No. 10 77.4 9 37.6 20 MgO 2610°

Figure 1 shows the dependenceTof and AT (closed and 17 we have obtained approximately the same value of
open triangles, respectivelpf YBCO films on MgO with a  H,(0) of about 26.5 T and for sample MgO4 N® a two
PBCO buffer layer on YBCO film thickness It is seen that times larger magnitude dfi%,(0)=57T.
even for the thinnest film witld=10 nm a transition tem- Figure 2 shows a sketch of the experimental setup for
perature ofT.~82 K is still higher than the liquid nitrogen measurements of the response upon electromagnetic radia-
temperature and thatT~2.8 K is smaller than even that for tion of YBCO thin-film microbridges. In our experiment we
30 nm thick YBCO films deposited on MgO without a PBCO used two millimeter-wave generators: a tunable backward
buffer layer. We also deposited several YBCO films with wave oscillatofBWO) with radiation frequency in the range
=20 nm on a sapphire substrate with a PBCO buffer layerof 78—119 GHz and a 90—-94 GHz Gunn oscillator. The ra-
For these filmsl' ;=88 K andAT~0.4 K measured just after diation frequency of the Gunn oscillator was fixed and the
film fabrication are shown in Fig. 1 by closed and open dia-BWO was tuned in the range of intermediate frequeady
monds. However, over a few days these films degraded anfdtom 1 MHz up to 25-30 GHz. The radiation from both
after stabilization of the film characteristics we fouild  sources was coupled to a device by a waveguide dipstick. In
~84 K and AT=1.5K. These parameters are a little bit the course of measurements the sample was mounted on a
worse than those of the YBCO film with the same thicknesscopper holder along with a temperature sensor. One contact
on MgO with a PBCO buffer layer. pad of the sample was grounded and the other was connected
The YBCO films were patterned into microbridges with to a semirigid coaxial cable. The sample holder was attached
width ~1 um and length~1.5 um limited by gold contact to the output of the 3 mm waveguide dipstick, which was
pads using standard photolithography and the ion-beam etclmmersed into a liquid helium transport Dewar. The super-
ing technique. After patterning, a 100 nm thick SiO layerconductivity in the sample was strongly suppressed by radia-
was thermally evaporated on top of the bridge to protect ition from the BWO, which acts as a local oscillator in our
against mechanical damage and absorption of water. The sexperiment. The radiation power from the Gunn oscillator
perconducting and dc parameters of the samples discussed(signal sourcewas adjusted to be less than 1% of the power
this article, measured by a standard four-probe method, aref the LO in order to avoid any influence of signal power on
listed in Table I. The superconducting transition width wasthe operating point of the device. During measurement the
determined aa T=T.on-T.off, whereT.on andT.off cor-  radiation from the signal source and LO was kept constant.
respond to 0.9 and ORl,, respectively(R, is the resistance The sample was biased by a constant voltage source via a
of a sample in the normal statd he critical temperature was broadband bias tee. By altering the distance between the
taken in the middle of transition. The current according to asample and the liquid-helium bath we changed the operating
voltage drop of 5QuV was defined as the critical curreit.
For YBCO film characterization we also measured the
temperature dependence of the second critical magnetic field =TTy
H.,(T) of several samples. In these measurements a sample !
was mounted on a copper block near the temperature sensor. LO :
I
1

Bias-T

An external magnetic field perpendicular to the YBCO film

surface was created by a 2 T superconducting solenoid

mounted on a standard Heliox 2VL insertOxford

Instru_ment};11 At temperatures neaf, we determined a Signal

magnitude of the magnetic field, at which the resistance of a

sample reached a value of aboutR®,2 This value of the

magnetic field we related to the second critical magnetic field ol

at given temperature ofi¥,(T). Of course, the magnetic s ' Dio‘;"r‘ct:ge

field determined in this way is not the true valuetbf,, and YBCO bridge

we cannot calculate the absolute magnitudédgf(0). But

based on the results we can obtain information about th IG. 2. Sketch of an experimental setup for measurements of the interme-
. . % . iate frequency spectra of YBCO thin-film microbridges. The local oscilla-

relative difference between thelZ,(0) of our different

tor (LO) is a 78—119 GHz backward wave oscillator and the signal source is
samples. For example, for samples Sp2 No. 11 and Sp2 N@.90-94 GHz Gunn oscillator.

|

] Spectrum

' Analyzer

Helium |
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FIG. 4. IV curves of 100 nm thick YBCO microbridggigO4 No. 5 at
T=281.4 K under LO powe(solid line) and without irradiatior{dotted ling.

Circles are operating points. The dashed line represents the dependence of
differential resistance on the bias voltage. Inset: Bias voltage dependence of
—3 dB roll-off frequencyf,,. The solid line is to guide the eye.

100

Differential resistance (Ohm)

TR T T e T e e e o optimal L.O power (solid lineg and without |rrad|§1t|qn
Bi (dashed lines The symbols on thé/ anddRV curves indi-
ias voltage (mV) . . . .
1 cate the operating points, at which the dependencies of
sample response on intermediate frequency were measured.
In these measurements at each bias voltage the LO power
was adjusted in order to drive the sample into an optimal
1 state, where the response from the sample is maximal. A
i dashed horizontal line shows the3 dB level of the drop in
response and arrows indicate the position of #8dB roll-
off frequencyf,, in Fig. 3(c). It is clearly seen in Fig. @)
that the shape of the spectrum and the magnitudigcdire
. essentially dominated by the value of the bias voltage. The
7 . ) . spectrum measured at the highest bias voltef®wn by
10" 10’ squarep has the steepest dependence of microbridge re-
Intermediate frequency (Hz) . . .
sponse on the intermediate frequency and at the same time
. the smallest magnitude of3 dB roll-off frequency. The
FIG. 3. (8 IV curves of sample MgO4 No. 3 at operation temperaflire d he bi | indi dinE 3
=89.5K; dashed line: without irradiation, solid line: under optimal LO spectrum m‘?asur‘? attne |a_s voltage indicated in Figs.
power; (b) differential resistance of the sample: dashed line: without irra-and 3b) by circles is characterized by the flattest dependence
diation; solid line: under LO power. The dashed vertical line shows theof the response on IF. At this bias voltage thg value is

position of the bias voltage that corresponds to the first maximum of the about an order of magnitude higher than it was at the highest
differential resistance(c) IF spectra measured at three bias voltage values;

the dashed horizontal line shows the3 dB level of the response drop, bias voltage. _The—3 d_B I’Oll-_Off freque_ncy of t_he s_pectrum
arrows indicate the position df,. The solid lines are to guide the eye. measured at intermediate bias voltatreangles in Fig. &)]

is lower thanf,, of the low-voltage spectrunfcircles and

higher thanf,, obtained at the highest;,s (squares
temperature, which was stable enough to measure a spectrum From the analysis of the dependence of the differential
of the response of the sample in the whole IF range. The IFesistance on the bias voltage we have found that the shape
response of the sample was analyzed by a spectrum analyzefrthe spectrum and thi, value correlate with the position
(Tektronix 2782 and automatically stored in a computer. The of the operating point on th&/ curve with respect to the
spectra measured were corrected, taking into account tHeMDR. In Figs. 3a) and 3b) a vertical dashed line shows
losses of the IF power in the readout system. the position of the FMDR on thé&/ and dRV curves. The

corresponding voltage will be denoted bly. In a first ap-

proximation, we divide the whole range of bias voltage into
#llilE_:;IiBS T/(())LLI'_I'A?CEIIE: FREQUENCY DEPENDENCE ON two ranges separated by voltagg. For sample MgO4 No.

3 (see Fig. 3 all operating points are al,,<Ug, never-

Typical response spectra of a YBCO thin-film micro- theless the closer the operating point to FMDR the smaller

bridge measured at different bias voltages are shown in Figralue off,,. However, results obtained on a similar sample
3(c) along with current—voltage characteristidy curves, (MgO4 No. 5 show rapid changes of thig, value at bias
Fig. 3(@] and the dependence of the differential resistancevoltage equal tdJ,. In Fig. 4 we present th&/ and dRV
du/dl on the bias voltaggdRYV curves, Fig. 8)] under curves of this sample along with tHg, dependence on the

Normalized signal (dB)
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bias Voltage in the inset. On|y one operating point for thisTABLE II. Calculate_zd and experimental values of the3 dB_roII-off fre-

device is atJ bia<Uo all others are at voltages higher than duency corresponding to the phonon escape from YBCO films to MgO and
’ . . . sapphire substrates.

Uy. For the low-voltage operating point we have obtained PP

f,o Of about 300 MHz(see the inset in Fig.)4For all oper- Film thickness  Calculatedf,; ~ Experimentalf o
ating points atU,;,c>U, the value off,, is almost constant  Substrate (nm) (MHz) (MHz)
and is about one order of magnitude smaller35 MH2) Sapphire 20 80 80
than f,, obtained at bias voltage df,,,<U,. This result Sapphire 90 18 40
was obtained on sample MgO4 No. 5Tat 81.4 K, which is MgO 20 164 180
noticeably lower than the critical temperature. Tiecurve MgO 40 82 Not measured

MgO 100 29 33

measured without LO powe(dotted line in Fig. 4 has a
peak of the current at low voltages, which clearly indicates

the presence of self-heating of the sample and the formation

of a hot spot inside the YBCO bridge. The differential resis-was less than 3 dB. But under certain conditidose of
tance of the irradiated sample has at least five clear obserthem is relatively low temperaturét was enough to deter-
able maxima in its dependence on bias voltédgshed line  mine f . via fitting of the low-frequency part of the spectrum
in Fig. 4. However, the value of, after the FMDR remains using the following frequency dependence of the
the same independent of the position of the operating poinphotorespons&

whether it is just after the FMDR or at voltages higher than

Upias: Which corresponds to the second or third maximum on AU(Af)= AUJ0) .
the dRV curve. Generally, all samples investigated demon- V1+(Af/fed?

strate similar influence of the bias voltage on th& dB .

The good agreement between the experimental and calcu-
roll-off frequency.

lated values of ;s allows us to assert that the response spec-

Based on the experimental results we can formulate th|§rum measured at voltages higher than the voltage of the

EhSeggn:slT_%?f ;Tethsefr?gng;rlﬁe\lvag(;titrggtgg:: (I)(;Vt‘fg :?g co FMDR is dominated by electron-energy relaxation processes
q y P P via inelastic electron—phonon interaction and phonon escape

i e s et e e Ut o e i o the subsrts
bias™*>'0 ro Vall ! At Upa<<Uqy and under LO irradiation the current is

cally as the bias voltage approachids. proportional toy/U;,s for most of the samples. This depen-

Nlcnewtfigg th\e/ fva|'\lj|e OOJJI\? '33 d'ﬁdirf;] t f\c/)rf dlaergr;t dence of the current is typical of viscous motion of the mag-
sampleg~125 mV for Mg 0- > an mv for Mg netic vortices under Lorenz for¢&Thus, we assume that at

No. 5 a.n.d depends slightly on the oper_atmg t?mperature\'/oltages lower than the voltage corresponding to the FMDR
\-/rvt]tﬁ Z?]S'it:]%?e(;fst:?n':?g[n)gesrggsr;ovl\:’gde?:g:gleb'"’]}2rvggﬁ]grﬁvortex motion dominates the dynamic properties of the
Sp2 No. 17 we have found thlly at 75 K is about 1.3 times YBCO thin-film microbridge.
larger than afT=7.4 K. At the same time the second and
other peaks on théRVcurves shift toward lowed ;s as the
operating temperature increases.

The presence of the peaks on tiieVcurve indicates the Here we analyze the temperature dependence of-the
formation of one or several normal conducting regions withdB roll-off frequency measured on the same samples. At
T=TZ inside the YBCO bridge. The formation of a normal U,,s>U, the experimental value df,, is dominated by pho-
region occurs in the part of the bridge where the superconaon escape from the film to the substrate and has no essential
ductivity is weaker, i.e., where the transition temperaflife =~ dependence offi, which agrees with theory’ In the follow-
is lower than the average transition temperature of the miing discussion we will consider results obtained at bias volt-
crobridge. The presence of several maxima indicates that theges ofU,;,<<U,. Within this voltage range the LO power
increase ofU,;,s leads to series formation of some normal and U, were adjusted to reach the maximum response of
islands inside the bridge. Another possible explanation othe sample. This adjustment was done at Tovafter that the
this behavior of the differential resistance is the step by stepias voltage was kept constant and at higher temperature we
expansion of the initial normal-state island due to joining ofchanged only the LO power to reach the maximal signal
the neighboring parts of the microbridge. Additionally, eachvalue. Three spectra measured on sample MgO3 No. 11 at
normal part increases due to Joule heating. different temperatures are shown in Fig. 5. Arrows indicate

The values off,, measured al;,c> U, correspond to the position of the-3 dB drop of the signal on the curves
the frequencies determined by the rate of the nonequilibriummelated to operating temperatures of 40 and 66 K. The signal
phonons’ escape from the YBCO film to the substréie measured al =71 K has no clearly detectable3 dB drop
=(277.d 1, wherer,=100xd (nm) ps for sapphire and even at the highest intermediate frequencies. A similar
Tes~49xd (nm) ps for the MgO substrafeThe experimen- change in the response spectrum of the YBCO thin-film mi-
tally determined and calculated values ff are listed in  crobridge with an increase in operating temperature was ob-
Table Il. The drop of the IF response due to phonon escapiined for all samples studied. In Fig. 6 we plot the tempera-
could be detected also Bt<<U,. In this case the difference ture dependencies df, for the samples discussed in this
between the phonon escape plateau and the next one usuadliticle. Usually at temperatures much lower than the critical

@

IV. TEMPERATURE DEPENDENCE OF THE —3 dB
ROLL-OFF FREQUENCY
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. (=450Q cm), p,, of Sp2 No. 17 is the large$t=940 () cm),

. andp,, of the sample MgO3 No. 11 has an intermediate value
of about 685() cm. The magnitudes of the 3 dB roll-off
frequency aff/T,~0.5 are 2.7, 4, and 8.5 GHz for samples
Sp2 No. 11, MgO3 No. 11, and Sp2 No. 17, respectively. It is
also possible to find similar dependence of the roll-off fre-
. quency for samples with larger thicknes$E848 No. 13 and
MgO4 No. 5, but only at temperatures close T@: an in-
crease of the resistivity leads to an increase of the roll-off
frequency at a given temperature.

An additional correlation was observed between
- M- dB roll-off frequency and the upper critical magnetic field
10° LU 10" HX,(0) evaluated from the experimentally determined value
Intermediate frequency (Hz) of the temperature derivative of the second critical magnetic
FIG. 5. Dependence of the response of a YBCO microbriddgO3 No. field ngZ(T)/dT' Some of our sampletSp2 No. 11, Sp2

11) on intermediate frequency at different operating temperatures measurdd0. 17, MgO17 No. 10, and MgO3 No. Lare characterized
atUpps<Ug. Arrows indicate the-3 dB drop of the signal. The lines are to by a small value oHé‘z(O) in comparison with the others.

guide the eye. For example, for a sample on sapphire Sp2 No. 11 the value
of H%,(0) is two times smaller than for MgO4 No. Bee
Sec. l). At the same time, these samples with lower value of
HZ%,(0) demonstrate a highdg, value over the whole tem-

Signal (dB)

temperature the value &f, is weakly dependent of. How-
ever, at higher temperatures and especially atose toT,
the —3 dB roll-off frequency increases dramatically. For two PErature range. _ , , ,
samples(Sp2 No. 17 and MgO3 No. 11the spectra of the Before we s_tart dlsc_ussmn of the results ok_Jtalned we will
response obtained at the highest operating temperatures wéfPeat the basic experimental facts concerning -t dB
flat within the accuracy of the measurements. Therefore, th!I-0ff frequency of the response of the YBCO thin-film
last points for these samples, indicated by open symbols officrobridge to electromagnetic radiation.

the graph, are plotted at the maximal IF of about 25 GHz. (1) We have found a characteristic bias voltagg, which

Figure 6 shows that the low-temperature valuesfgf  corresponds to the first maximum of the differential re-
greatly change from sample to sample. The difference is  gjstance of the YBCO thin-film microbridge. At voltages
more than an order of magnitude if we compare sample higher thanU,, the response spectrum has-8 dB roll-
MgO17 No. 10 [f(T/Tc=0.1)~7.5GHZ and samples off frequency, which corresponds to the frequerfgy
MgO4 No. 3 and MgO4 No. $f(T/T.=0.9)~0.3 GHZ. =(2m7e9 ! of the phonon escape from the film to the
In analyzing these results we have found that samples with a substrate. AtU,,,,.<U, the f,, value is larger tharf o

: i

higher normal state resistivity,, (see Table )l show higher and decreases gradually as the bias voltage approaches
values of f,, at low temperatures. For example, among o

samples Sp2 N.O' 11 Sp2 N(.)' 17, and MgO3 No. 11 th 2) The —3 dB roll-off frequency measured Bl,;j,c> U has
normal state resistivity of the first one has the smallest value no detectable temperature dependence, since the inter-

mediate frequency dependence of the YBCO micro-
bridge response at this bias condition is caused by pho-

= i;' [ _'._épz st f” e non escape from the film to the substrate.
% 20: e Sp2#17 " _ (3) Measurements of the-3 dB _roII-oﬁ frequency per-
= gb —a—MgOass ! 1 fo.rmed ?tUbias<Qo show an increase of thg, value
S 6F —v—MgOa 3 "t 1 with an increase in operating temperature. _
g 4l e MeO3 #11 ] (4) YBCO thin-film microbridges characterized by higher
g b & 1 resistivity and lower value of the upper critical magnetic
; 1oL —x—P348#13 * ] field reveal a higher value of the-3 dB roll-off fre-
g st S Mg017#10/ ] quency measured &tp,,<U, at certain operating tem-
T ofF T —° X ] peratures.
S 4 / ; "
< 2L —_— I)‘ ] The gradual transition of,, from a large value aUPiaS
) S T TV S <l TN EN <U, to a smaller one at voltages abovg can be explained
0.0 0.1 02 03 04 05 06 07 08 09 1.0 L1 pythe simultaneous presence and competition of two differ-
T/T ent mechanisms of the response of the YBCO bridge on elec-

¢ tromagnetic radiation: heating of electrons and phonons and

FIG. 6. Temperature dependence of th@ dB roll-off frequencyf,, mea-  vibration of magnetic vortices. A change in bias voltage
sured atUigs<Uo. Open symbols show the value B for samples Sp2  giyeg rise to more favorable conditions for one or the other
No. 17 and MgO3 No. 11 measured at the highest operating temperaturg, . . . .

where the spectra of the response have no clearly detec3edB drop of mechanism, which then becomes dominant and determines
the signal. The lines are to guide the eye. the response of a microbridge. Because of different charac-
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teristic response times of these mechanisms and dependimghere t=T/T. is the reduced temperature, ari(0),
on their relative contribution to the response at a given bia$l,(0) are the thermodynamic and upper critical magnetic
voltage we obtain a lower or higher3 dB roll-off fre-  field, respectively. In Ref. 16 the mass of the magnetic vortex
quency. The temperature dependencef gfand the differ- was determined to be proportional 8.
ence in its low-temperature values for different samples are  We would like to note that all our experimentally mea-
explained by the same approach. sured spectra have no specific features which could be iden-
Heating of electrons in superconductors is a well-knowrtified as a resonant peak. In the casef g§<f, the beating
effect and we refer the reader to a reviévior a detailed amplitude of the velocitA,, Eq. (5), will have resonance
description. Now let us consider the second mechanism thatt Af=fy—f o. A typical experimental response spectrum
contributes to the response of a YBCO thin-film microbridge.has a plateau at low intermediate frequencies and gradually
Transport current flows through the microbridge and createdecreases at higher IF until the highest frequencies of mea-
magnetic vortices that penetrate the microbridge. Under theurements. We also estimated the fundamental frequégcy
influence of Lorenz force these vortices move across the miising the most frequently occurring values in the literature of
crobridge and create an electric field directed along thehe pinning constant and the viscous drag coefficient.k=or
bridge. Under external electromagnetic radiation there is ad=10°> N/m? and »~10"% N s/n? (see, for example, Ref. 15
ditional force, which acts on vortices and results in theirf, will be about 0.5 GHz, which is much smaller than our
vibration near the quasiequilibrium state. In the presence dbcal oscillator frequency of 100 GHz. Thus, we will now
two radiation sources with close radiation frequency vorticesonsider only the high-frequency limit, i.€,,o>f,, where
vibrate with a periodically changing amplitude. The beatingthe spectrum of the response is monotonic and can be de-
frequency of the vibration amplitude idf=|f o—fg, scribed by a reduced formula,
wherefg is the radiation frequency of the signal source. The
Lo . . : . 2F,
vibration of magnetic vortices with velocity,(t) (the am- AAY(Af )~ ,
plitude of the velocity is also modulated with the same fre- m(fo+Af)

quencyAf) creates an alternating electric field, with the characteristic roll-off frequency(f~0.4f .
E(t)=1y(1)B(1) @) Taking into account all arguments stated before the total
> response of the YBCO bridge, in the general case can be
whereB(l,,) is the magnetic induction created by the trans-written as
port current. The equation of motion of the magnetic vortex _
could be written in the form of constrained vibrations with AUGAT) =Wy xAUVAT)+AUJAT), ©
damping, where W, is a phenomenological factor dependent on the
YBCO film quality and operating conditiond Uy (Af) and
M= —kx—nX+F(t) +F5(t), (3)  AUJAf) are the contributions from vibrating vortices and

; ; - hot electrons calculated using E@S) and(1), respectively.
wherex is the displacement armd is the mass of the vortex, . !
P At Uy higher than the voltage of the FMDR hot-spot for-

k and » are the pinning and viscous drag coefficients, respec- i ¢ i . tration int brid
tively, F,(t) andF,(t) are two external forces induced by mation prevents magnetic vortex:penetration into a bridge,

the local oscillator and signal sources. Solving E).with thus the vortex contribution to the response is negligible and

regard tory=X we obtain the swing of the beating ampli- V\;e TuﬁpOSWVThO' ]:I_'Ihe tOt?jl {ﬁs%ogge 'S”Of#{, due to hegtmg
tude of the velocity, of electrons in the film, and the roll-off frequency in

our relatively thick films is determined by the phonon escape
AAy=maxAy,—minAy, (4)  time. In this case there is no temperature dependentg of

) _ ) _ which is in good agreement with our experimental results.
and its dependence on intermediate frequency in the followrne situation aty pias< Uy is nontrivial substantially. Within

®

ing form: this limit the factorW,, is nonzero and its absolute value is
OF (w0t Aw) determined by a lot of parameters.
AAY(Aw)e 2¥oT 2@ To simplify the problem we make some assumptions. In

M[ 02— (0 0+ Aw)? P+ \3(w ot Aw)? principle, we have to take into account the influence of the
(5  transport current value on the magnitude of the vortex con-
tribution [see Eq.(2)]. At the same bias voltage the higher
the temperature the lower the transport current that flows
through the YBCO bridge and as a result this current induces
a smaller magnetic field. At the same time the hot-electron
contribution is also proportional to the transport current,

In Eq. (5) wo=27f, is the fundamental frequency of an
oscillator Vk/m, \ is the viscosity of a mediumy/2m, and
Aw=27Af is the intermediate circular frequency. The tem-
perature dependencies &f and A are determined by the
temperature dependencies of the pinning condtaamd of

the viscous drag coefficient, which can be written accord- dR
ing to Ref. 15 as AU J0)xI X AR=I EAT (10
kocH2(0)(1—1)*3(1+1)2, (6)  Since the magnitudes of both contributions are proportional
5 to the transport current we can assume that this transport-
He2(0) 1t (7 current factor is more or less the same for both and ignore it

N* T2 i i i
pn 1+t in further considerations.
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FIG. 9. Experimental dependence of differential resistandg,at—0 on

FIG. 7. Simulated dependence of the response of a YBCO thin-film micron€ operating temperature for sample Sp2 No. 17. The line is to guide the
bridge on the intermediate frequency calculated for several operating tenfY®:
peratures. The response is normalized to the value at zero intermediate fre-
quency. The dashed horizontal line indicates-t8dB level of the response
drop. dependence of the 3 dB roll-off frequency on reduced tem-

perature for different values of the viscous drag coefficignt

At the same time it is clearly seen from E) that Itis seen that t_hg theoretically obta_lined pictUre. 8)_ looks
AU,(0)=m~* and strongly increases as the temperature apqqahtatlvely S|m!I§r to the exp_erlmental resuI(Elg. 6).
proachesT. . Thus, for our calculations we can suppose that/Vithout any additional assumptions we have obtained from
the magnitude of the hot-electron contribution at least reEd- (9) an increase of ,, with an increase in operatlng tgm—
mains the same but the vortex response increases with tr&eratgre. We have found that the Iargervprtex contribution to
temperature due to reduction af~ 72, Eq. (7). Figure 7 the microbridge response [eads to the high&r dB roII—off
shows the normalized curves of the total response of thff€duency at certaiff. The increase of the vortex contribu-
microbridge calculated at different temperatures and for 4100 can be simulated either by increasing fadtdy or by
certain value of\Vy using Eq.(9). The dashed horizontal line "€ducing. The results of calculations shown in Fig. 8 were
indicates the position of the-3 dB drop of the signal. The ©Ptained by varying the viscous drag coefficient only. These
broadening of the spectrum with an increase in temperaturé/iations reflect changes of the upper critical magnetic field
is seen clearly. Also, from our calculations we obtain@"d Of the film resistivity, Eq(7), simultaneously. The two
changes in the shape of the spectrumTAt0.1T, it is char-  curves on the 1eft0.11 », and 0.137,) were obtained for
acterized by two plateaus: the first is due to phonon escapélues of which are about four to eight times smaller than
with —3 dB rolloff at Af~100 MHz and the second one is N0Se for the curves on the rigi@.5 7o and o). We have to
attributed to the vortex mechanism. At temperatufe NOt€ thatfor alower value of the —3 dB roll-off frequency
= 0.6T, the vortex contribution to the microbridge responsedePendencies of are more sensitive to changes gfthan
becomes larger, the difference between these two plateaus'® higher values. The values of for the pair of curves on
already less than 3 dB, arfd,~20 GHz is determined al- the left (solid and dashed linggliffer from one another by

most completely by the vortex vibration mechanism. less than by 20%. At the same time, we have changby a
In Fig. 8 we present results of our calculations of thefactor of 2 to reach the difference for the curves on the right

(solid and dashed lingsn Fig. 8, which describes more or
less the experimental situation.

The calculated temperature dependencies of-tBedB
roll-off frequency are stronger than the experimental depen-
dencies. One of the reasons is the presence of the additional
damping factor, which weakens the vortex contribution to the
total response. As seen in Fig. 9 the differential resistance of
sample Sp2 No. 17 &1,;,~ 0 is nonzero and depends on the
temperature. This means that at a givieand even at volt-
ages much lower the FMDR the microbridge already con-
tains some regions in the normal state. These regions grow
with the temperature and interfere with motion of the mag-
netic vortices. This effect can, in principle, strongly suppress
the vortex contribution in the total response of the YBCO
thin-film microbridge to electromagnetic radiation.

FIG. 8. Dependence of the3 dB roll-off frequency on the reduced tem- The recently _reported dependence of the I.F bandwidth of
perature calculated for different values of viscous drag coefficiemtdi- ~ th€ HTS HEB mixer on the frequency of radiatforan be
cated near each curve. found within the framework of our theoretical approach also.

-3dB roll-off frequency (GHz)
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The value of the vortex contribution in the response of themade from the YBCO thin films with high normal-state re-
YBCO bridge is inverse to the local oscillator frequency, Eq.sistivity and small value of upper critical magnetic field
(8). So, at terahertz LO frequency the vortex response of theould be used for detecting and mixing radiation using the
YBCO microbridge will be at least 10 times weaker than ateffect of magnetic vortex vibration. Further experimental and
100 GHz and the—-3 dB roll-off frequency can be com- theoretical studies of the magnetic vortex contribution to the
pletely determined by the hot-electron contribution. At themicrowave response of the YBCO bridge are needed, espe-
same time the HEB mixer bandwidth about 7 GHz obtainectially those that focus on nonlinearity, which occurs at large
at 585 GHz LO frequendyis evidence of the dominant effect amplitude of the signal, and also a detailed study of vortex
of the vortex contribution in the mixer response even at sixvibration at high local oscillator frequency in the terahertz
times higher LO frequency than in the present study. Weange.

have obtained the sanig, of about several gigahertz for two
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