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We measured the amplitude—frequency characteristics of radio frequency superconducting quantum
interference devicesrf SQUIDS) over a temperature range between 65 and 79 K. Using the
expressions derived from the recently developed rf SQUID theory, valid also at large thermal
fluctuations, we determined from these data the basic parameters of high-transition-temperature
superconductorHTS) rf SQUIDs. These parameters wer@) the high-frequency coupling
coefficient between the rf SQUID and the tank circuit resonatprp) the SQUIDs hysteretic
parameterf, (c) the critical current of the Josephson junctibn, (d) its normal resistanc®,,, and

(e) its noise parametef;. We found a good agreement with the valueg¢f.) andR, determined
directly after destructively opening the SQUID loop. In accordance with the theoretical predictions,
our experimental results show that at large thermal fluctuation leViets7{ K), rf SQUIDs with

large loop inductance operate in nonhysteretic mode yp\alues exceeding 3. Furthermore, we
have shown that the optimal energy sensitivity is attained in the nonhysteretic mode at a v@lue of
distinctly higher than 1. A quantitative comparison of white noise predicted by the theory with that
obtained from the experiment showed a reasonable agreement. We also discussed the contribution
of the phase information to the SQUID’s signal and noise at optimum operation conditions, when
a mixer was used as a signal detector. 2800 American Institute of Physics.
[S0021-897€00)08018-X]

I. INTRODUCTION (HTSs9 can operate at 77 K with large values of the SQUID
loop inductancel., significantly exceeding the fluctuation-
The theoretical description of the radio frequenef)  threshold inductanckr=100 pH. Furthermore, it has been
superconducting quantum interference deVBQUID) dates  shown that such larges HTS rf SQUIDs can exhibit rea-
back to the seminal work by Silver and Zimmerman, to thesonably low white flux noise levels @Y2=10u®,/Hz2,
thermal fluctuation noise treatment by Kurkija and the even at high values of, such thatg'>12° Here, 3
contribution by Jackel and Buhrman? Concise, more up- =27l L /D, is the rf SQUID parameter. All these experi-

to-gate 5(?69?%”‘)“0”3 can bel f?]und n ratherdcormprefhen?v&]ental observations are at variance with the expectations of
FEVIEWS. Is conventional theory assumed that, for the ., entional theory, which treat thermal fluctuations as a

ptr10p(|2crj opP:[ratlon O:; Str?UIfIID tthet.SQLitI]D’er]ocl)g llniuct&rl;.(;e small perturbation, and is valid for LTS rf SQUIDs when
shou n02 exceed the Tuctuation-threshold inductabge BI'<<1 (or Lg<Lg). Such observations can be understood,
= (D y/27)“/kgT, which is about 100 pH at 77 K, whefk, . ,
. however, in the framework of Chesca’s theory of rf SQUIDs
is the flux quantumkg the Boltzmann constant, and the S ]

operating in the presence of large thermal fluctuatins.
absolute temperature. Also, the thermal energy should be .

. . . The purpose of our work has been to experimentally

smaller than the Josephson coupling energy of the Junctlond termine th i i de of rf SOUIDs at i
i.e., I'=27wkgT/l1 . o<1, wherel is the junction(therma) %ermme T op |mu:n opera '(;)r; mode ot 1 thQ SI? Iq'_th
noise parameter and is the critical current of that junction. o ni rcf)gr(]an e”;!oe_ra urefs,cﬁn O, ctr)]mparel ﬁ. resu ls w
However, even in SQUIDs made of conventional low- some of the pre |ct|0|_"|s o esca’s theory. In this article, we
transition-temperature superconducté:ISs), operation at EPOrt on the determination of SQUID parameters from the
I'>1 was observed some time ajjtt.is also known that rf SQUID signal amplitude versus frequency curéé-Cs
SQUIDs fabricated from high-temperature superconductor'€asured over a range of temperatures. For LTS rf SQUIDs,

the most comprehensive measurements of this type were per-
formed at the liquid helium temperature by Shnyrketval.
"ind by Dmitrenkoet al'**? A quantitative comparison of
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of the tank circuit. For rf SQUIDs, the direct determination P
of I, andR, is not straightforward. It requires opening of the 50 ohm cable P Network
SQUID loop, i.e., the destruction of the device. Assuming - Analyzer

the validity of the theory, these parameters can be calculatec
from AFC data and compared with those measured destruc
tively. In this way, a comparison of theory and experiment Single-tum coil
can be performed over a range of temperatures. Furthermore
by measuring the white flux noise versus temperature, one
. . . Resonator
can determine the values of SQUID parameters resulting in  sqp @
optimum rf SQUID performance, i.e., in the minimum of
flux noise and energy resolution.

FIG. 1. Experimental setup for the transmission measurement of amplitude—

Il. EXPERIMENT frequency characteristics.

A. Characterized SQUIDs

We characterized rf SQUID washers in flip-chip con-
figuration with the flux concentrator and the superconductin
coplanar resonator surrounding the concentrator, such
those described in Refs. 8 and 9. The washer and the focusg
resonator were aligned and tightly clamped together.

90 be characterized was placed between the two coils. For the
act measurement of resonance frequency, a high quality
ctor of the resonator is necessary. To make the influence of

. the antenna coils on the resonant frequency of the resonator
The coplanar resonators had an outer diameter of 13. g y

. nd quality factor negligible, the coils were very weakly
mrg,tthhelr rlesodn%nce f:ﬁql:ent%};\;]as ?téoultJIGSO MH.Z "’:thﬁ K(:oupled to the resonator. Therefore, the amplitude—
and the unloaded quality facteithout SQ was in the frequency curves could not be measured with the optimum
range ofQ=6000-8000. The washer rf SQUIDs had e|ther50 Q matching to the rf amplifier
slit loops of 10umXx500um, or square loops of 150m L
%1502, and 10Qumx 100.2m. The outer diameter of the For the accurate calculation of rf SQUID parameters, the

washer was 3.5 mm. Using the formula given by Fekel two resonance frequenciesy; and w,, should be deter-
. ' ' . - N mined with rf power bi roaching zero. Th fr n-
we estimated the value of the slit loop inductance toLhe ed wit power bias approaching zero. These freque

o cies were measured, respectively, at the external magnetic
=260 pH® The geometric inductances of the square loop P y g

. Slux value of & ,=nd,, and®,=(n+1/2)d,, wheren is
\(/:voerzgé_r:tfaztgrssp:njr:ﬁléngla?[F)) malgzrge\?vz?:tg;rrgg?eguf)r(o rﬁn integer. With the weak inductive coupling, the effective rf
YBa,Cu0,_ 5(YBCO) thin epitaxialc-axis films deposited power used in AFC measurements was much less than that

. corresponding to—95 dB set on the attenuator at an input
by pulsed laser deposition on separate LaAKDbstrates.
The film critical temperature wak,= 90 K. Step—edge junc- power of the order of, but not exactly, 1 mW, and much less

tions were used in SQUID washers. Two alternate methodthan the rf power necessary to produce dngin the SQUID

. [oop.
have been used to prepare the necessary sharp steps in he To measure the white flux noise versus temperature, we
substrate. One was to use the AZ5214 photoresist and amoy '

T o operated some of our flip-chip SQUIDs in a flux-locked
phous YBCO thin film as mask, and another was to us . . T )
carbon thin film mask&*® For the direct four-point mea- ‘foop mode using appropriate, optimized rf SQUID electron

tof. andR. . the |  the already fully char. '€ With @ synchronous, phase-sensitive detel&dfIn this
surement ol and Ry, the 1oops ot the aiready 1ully char- case, the measurements have been done in the reflection
acterized SQUIDs were opened by a sharp diamond Cun%ode(using a directional couplgrand the optimum 5@

\L/Jvn?er :'1e Ig\r’\"g]sgn'ﬂl(;a“(\)/n mr';trioicgff' -rl;]hf r(r:]ontraa(tzfjrgadn atching was attempted by adjusting the distance between
ere prepared by goid evaporatio oom tempe a r%sonator and the matching copper coil to obtain the highest

lift off. Initially, attempts were made to open the loops using utput signal and transfer function. In comparative measure-

stand_ard . photollthography_. H(_)wever, th_e processing .anﬁwents performed to estimate the contribution of the SQUID
cleaning involved a very high risk of altering the prOpertlessignal phase, we also used electronics with a diode amplitude

of step—edge junctions. detector, which was not optimized. Noise spectra were al-
ways collected in flux-locked mode using the HP3562A dy-
namic signal analyzer.

In Fig. 1, we show the experimental setup for the trans-  All SQUID measurements were carried out in a dewar
mission measurement of AFCs and of the quality factor ofinside a three-layer mumetal® shield. A 10-turn copper coil,
the resonator. Two single-turn copper coil antennae, 13 mr@0 cm in diameter, surrounded the dewar and was used to
in diameter, served as the driving and receiver antennaspply weak external magnetic flux levels to the SQUID. The
which were connected by 5Q cables to the HP8752A net- temperature of the liquid nitrogen bath was controlled by
work analyzer. An attenuator and a preamplifier were inpumping between~65 and 79 K. Temperature stability
serted between the cables and the output and input ports @fithin 0.1 K was obtained. Temperatures were measured us-
the network analyzer, since the rf SQUID requires a very lowing a resistive Pt100 probe. The starting temperatateat-
rf current bias and the network analyzer needs a sufficientlynospheric pressurevas higher than 77 K, the plausible rea-
high input signal amplitude. The flip-chip SQUID assembly son was the impurity of liquid nitrogen.

B. Measuring methods
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FIG. 2. (a8 Two AFCs at®.,=n®, and ®,=(n+1/2)®, measured at 79.3 K, set rf power—95 dBm, (b) Two AFCs at®.=nd, and ®.=(n
+1/2)d, measured at 79.3 K, set rf power—72 dBm, the same SQUID as {g), (c) rf pumping-amplitude dependence of a SQUID’s resonance frequency
at 78.3 K. Ls=225 pH), andd) The AFCs of a different rf SQUID operating in hysteretic mode at 79.3 K.

The four-point measurements of junctions in openeddirect fitting of | -V curves. Hence, in this work, we deter-
loop included the measurement of current—voltage\() mined I'(I;) only from the measuredy(i). For accurate
curves and the measurement of differential resistanceneasurements afy, the excitation current must be much
dV/dl. The junction resistance can be easily determinedmaller thar .. In our measurements, we used either 0.1 or
with sufficient accuracy at high bias voltages, either from theD.2 A, without noticing any effect on the determined value
slope of thel -V curve or from the differential resistance. of I'. The measurements &, andry were performed over a
However, at temperatures of liquid nitrogen, due to the smaltange of temperatures, as in the case of SQUIDs.
critical 1., thermal fluctuations are highl'¢>1), and the
| -V curves are smooth, so that the direct determinatidrg of I1l. EXPERIMENTAL RESULTS AND DISCUSSION
(which is observed at a finite voltagis not reliable. Assum-
ing the validity of the resistively shunted junctidiRSJ
model, and taking into account the high thermal fluctuations  Figure 2a) shows the example of two AFCs of a SQUID
(I'>1), a good approximation of the-V curve is given by  with L,=260pH measured aib,=nd, and ®.=(n

A. Measurements of AFCs

v=i—i/2(i*+T?), where v=V/I(R, andi=1/l; are the +1/2)d,. These data were obtained at the highest tempera-
normalized voltage and currelft The normalized differen- tyre of measurement, which was 79.3 K. The corresponding
tial resistance 4=Ry/R, can be expressed as angular resonant frequencies ang and w,, respectively,

1 i2 while the resonance frequency of the resonator alon&,is
rqe(i)=1- 202412 (2+T272 One can see that both the signal amplitude and the resonance
frequency are modulated by the external magnetic field.
Since ati =0, r4(0)=1—1/2I"2. Hence, by measuring; at  Also, the quality factor atb,=(n+1/2)®, is lower than
zero bias, we could determirié without other free param- that at®,=nd,. These data were obtained at a very low
eters. Fronl” we then obtained, . Since the expression for driving rf power level obtained by setting the attenuator at
rq is exactly valid wherd">1, we checked its validity when —95 dB at input power of the order of 1 mW. The curves
I'=1 by comparing our calculategy(i) with that calculated represent typical characteristics of a rf SQUID in nonhyster-
from the full expression describing tHe-V curvel® The etic (dispersivé mode, in which the rf SQUID can be seen as
agreement was entirely satisfactory, within a few percenta nonlinear inductance, with the resonance frequency and the
Because of the additional noise from the electronics used tdamping rate depending on the external magnetic flux and
measure thd —V characteristics, the differential resistance the external rf power level. We emphasize, again, that since
has been givind. values with a better accuracy than the the resonator and the two coil antennae were very weakly
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FIG. 3. Dependence of the resonant frequency differénuedulation) at
<—95 dBm upon temperature. The line was drawn to guide the eye.

coupled, the real rf power applied to the resonator was muc
smaller than the approximate95 dBm, which represented
only a set reference value.

By increasing the driving rf power level, the difference

Zeng et al.

TABLE I. Parameters of a rf SQUID havirlgs= 260 pH(Fig. 3) calculated
from the AFCs data. Values in parentheses were measured after opening the
SQUID loop.

T (K) 753 763 77.3 78.3 79.3
k2(x1073%) 8.0 8.14 7.46 7.92

B (22+0.4) 1.86 1.63(1.20.3) 1.44 1.24(1.40.2)
1o (uA) (2.8£0.5) 2.4 21(2304) 18 1.6(1.%0.3)
R, (Q) (105 10.7  11.86(10.8 11.7 12.1(10.9
r (1.2+0.2) 1.4 1.6(1.403) 1.8 21(1.90.3)

SQUID enters the hysteretic regime. We note that in the
nonhysteretic mode the loaded quality factor of the tank cir-
cuit measured atb,=(n+3)®d, decreases monotonically
with lowering the temperature. This is due to the effective
Hamping increase with increasing)

B. Extraction of SQUID parameters from AFC data
and from the direct measurement of the

betweenw, and w, decreases and steps begin to appear oftnction

the AFCs. With the rf power increasing further, the sign of
the difference is periodically reversed. Figui®)2shows the
analogous two AFCs of the same SQUID, which were mea
sured at thegmuch highey rf driving power level, with the
attenuator set at 72 dB at the same input power as before.
The AFCs show a multi valued behavior, with jumps ob-
served as steps.

As another example, Fig(® shows the plots of»; and
w, (on the abscissaversus the rf voltage amplitudeorre-
sponding to the square root of rf driving powésr a SQUID
having Lg=225 pH and measured at 78.3 K. The solid and
open circles correspond to an external i, (i.e., ;) and
(n+1/2)d, (i.e., w,). We can see that the two resonance
frequencies oscillate about the resonator frequaengy The

By extending the approach of Ches@aGreenberg ob-
tained explicit expressions for the effective damping and the
effective detuning whed">1  /Lg>1, and the driving rf
power level is very low?! After proper simplification one
obtains the following expressions:

_(1-x%) 02
P=x=—6—"|1" 20522 @
L
-1_~-1
Q —Q; 3

9= 2k2Bx[ 1+ (g() —x(1—xD)IT]’

oscillation amplitudes decrease with increasing rf power savherex=exp(—LJ2Lg), Q=(2wq— 01— wo)/ (01— wy), |

that w; and w, gradually converge ab,. This result shows

=L /Lg, Qq, andQ, are the loaded quality factors ath

that the SQUID was operating in nonhysteretic mode withand (h+1/2)®, respectively,q=woLJ/R,, andg(l)=I[1

only one junction in the SQUID loop determining its
behaviort®

For comparison, in Fig. @) we show the AFCs of a
different rf SQUID of inductancé ;=260 pH, which oper-
ated in hysteretic mode at the same temperature. We can s

1, 132 73, 31 4_ 15 116 ;
— 3l + 731" — il "+ 3650 " — 2od "+ 35389 |- From experi-

mental values ofwy, wq, w,, andQq, Q,, one can thus
obtainT’, B, k, andR,,.

In Table | we show the rf SQUID parameters calculated
from the data of Fig. 3 and from the corresponding values of

that only the signal amplitude was modulated by the external; andQ, measured at several temperatures. Brgaram-
magnetic field, while the resonance frequency did noteter value was 1.24 at 79.3 K and increased to 1.86 at 76.3

change.

In LTS rf SQUIDs with <1 similar AFCs were pre-
dicted theoretically by Danilov and Likharé?and observed
experimentally by Shnyrkovetal. and by Dmitrenko
et al!**? The AFCs showed multivalued behavior when the
productk?Q 8> 1.0.

To measure the AFCs while increasifdi.e., increasing
thel . of the junction) the temperature was lowered stepwise.
In Fig. 3, we show an example of the temperature depen
dence of w,— w,)/27 at the constant low level of rf power
set at about-95 dBm for a SQUID ol ;=260 pH. For 79.3

K, the lowest temperature of calculation. The high frequency
coupling coefficient was about810 2, and the normal re-
sistance was slightly less than @2 The values of3(l.) and

R, given in brackets, are those determined directly from
measurements after opening the loop. One can see that the
agreement with values calculated from AFC data is rather
good. Similar agreement was obtained for the three other
SQUIDs where we opened the loop and measured junction
-V characteristics conforming well to the RSJ modble

total number of tested SQUIDS was about 40, but most of

the junctionl —V curves showed deviations from the model

K and less, the resonant frequency difference increases witfhis is shown in Table Il, where we compare only the com-
decreasing temperature until a maximum is reached at aboputed and directly measurédd andR,, (values in brackejs
75.3 K. When lowering the temperature further, the differ-The data of Tables | and Il show that the use of Ed5-(3)
ence decreases and becomes zero at about 65.3 K, where tbe the determination of SQUID parameters is justified and
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TABLE Il. Comparison of calculated critical current and resistance of the 24 — T T T T T T
SQUID junction with values in parentheses which were directly measured B —o— experiment
for three SQUIDs. 201 € * theory H
Device No., 'I,:,* 169 E“ \j// o
L) T Lo (1) Ry (© L e
@ Temperature (K} /.
1, 150 79.3 1.7(1.80.4) 7.68.2 = -
78.3 2.2(2.40.5) 7.38.2 @ 87 N 1
77.3 2.4 (2.%0.5) 6.98.0) . L,=260 pH
2, 260 79.3 1.7(1.40.4) 11.112.2 y T T y T T y y
78.3 21(2.305) 9.712.0 64 66 68 70 72 74 76 78 80
77.3 2.6 (2.9-0.6) 9.611.9 Temperature (K)
3, 260 79.3 2.0(1.90.4) 14.411.5 FIG. 4. Temperature dependence of energy sensitivity of the same SQUID
78.3 2.3(2.10.4) 11.911.2 as in Fig. 3. The line was drawn to guide the eye. The inset SIB}RE).
77.3 25(2.30.4) 9.611.0

5(11)/2: 12.7ud,/ Hz. After subtracting the background noise
that the high-thermal-fluctuation theory describes the physiof the electronic, the minimum energy resolution was about
cal reality rather well. Since the explicit expressions are validg x 10731 J/Hz. We note that af <74 K, the flux noiscﬁ(lf
atI’>1 andL¢/Lg>1, the error could increase Bt 1, i.e.,  increases as the temperature decreases. This is caused, at
below about 76 K. Hence, in Table | we included calculatedieast in part, by the decrease in temperature of the transfer
data only forT=76.3K. By making a linear extrapolation, function |gV/9®|. This occurs in the temperature range
we estimated that our SQUID remained dispersive ugto where 8 increases and the frequency modulation decreases
about 3.6. This is in contrast to the low-temperature operasince the transition from dispersive to hysteretic mode of rf
tion, in which case the transition from dispersive to hyster-SQUID operation is approached. We note th&y,
etic regime occurs whep=1. The dispersive operation of =S /|9V/9®|?> whereS, is the voltage noise.

HTS rf SQUIDs atg values, higher than 1 and up to about 3 For two other SQUID samples, Nos. 1 and 3 in Table II,
can be inferred from Chesca’s theory. we also measured the temperature dependence of flux noise.
Temperature dependencies such as are shown in Fig. fhese two samples showed similar behavior as in Fig. 4.
and data of Table | are very useful in practice, as they proafter subtracting the background noise of the electronics, the
vide the information on the optimurky (i.e., optimump),  resulting energy resolution data are given in Table III.
and optimum temperature of SQUID operation. It will be  The formulated version of rf SQUID’s thedfis strictly
shown in Sec. llIC that the optimum performance, i.e., thevalid for amplitude demodulation while we used synchro-
minimum of flux noise, is obtained in the range where thenous detection by a mixer. We show in Sec. IlID that at
resonance frequency modulation is maximal. For optimunbptimal operating conditions the contribution of the phase
operation at a different temperature, that information prosignal to the transfer function is small, so that the theory is a
vides a guidance for trimming, e.g., by annealing to in- good approximation also when synchronous detection is
crease or reduce the oxygen concentration in the junction. ysed. In Fig. 4, the solid dots are valueseafalculated from
theory using the indirectly measured rf SQUID parameters
C. Measurement of energy sensitivity from Table 1. We can see that theory and experiment show a
For the measurement of flux nois) or energy sen- good agreement: Good agreement is confirmed glso by data
sitivity (e), the coupling between the resonator and the re-Of sample No. 3 in Table !ll, which has the same inductance
L ’ . . X of 260 pH, much higher thahr. In the large inductance
ceving antenna was adjusted to improve impedance m_atd%'amples, the optimal energy resolution was obtaineg, at
|ng.between the resongt_or and the arr;pllfler and _to attain th uch larger than 1, in the range where the frequency modu-
opt|r_nal operation condition C.)f SQUI"Q, > 1, which was lation is near maximum, i.e., the SQUID is highly dispersive.
confirmed by the observatllon of steps on the resonanc contrast, for sample No. 1 of Table Ill, which had the
curves. For t'he SQUID of Fig. 3 and Table I, we measure aller inductance of 150 pH, the optimugiwas only
the white noise dependence on temperature, and caIcuIat%&newhat larger than 1
the corresponding energy densities. Here, for simplicity, we '
took the effective noise temperature of the tank circuit to be
the same as the operation temperature of the SQUID. The ) ) ) )
results are shown in Fig. 4. The open squares are the expeg—' Role of phase signal in rf SQUID using a mixer as
mental data after subtracting the background noise from th etector
amplifier. The current noise from the integrator was not In our described measurements, we used electronics with
taken into account. The background noise was approximatelghase-sensitive synchronous detection by a nlikdf. a
measured by terminating the cold end of the(®@able with  mixer is used as a signal detector, both the amplitude and the
a 50Q) resistor. The inset in Fig. 4 shows the measured whiteohase signals are detected. However, the explicit expressions
flux noise dependence on temperature, which includes thef Chesca'’s theory were formulated for the amplitude signal
background noise. The minimum of white flux noise wasonly.!° It was appropriate, therefore, to verify whether the
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TABLE Ill. Energy resolution and optimung for samples of Table II.

Sample Minimum ey €cxpr—€m AL 77 K
No. Optimumg (X103 J/Hz) (X103 J/Hz)
T\ /V\ Il /\'I\ 1 ~11 9.6 434
' \ 3 ~2 6.5 2.33

W W
’ showed that for the nonhysteretic SQUID one should not
/‘ﬁ ‘ﬁ\ [% F expect any significant change of the SQUID output signal.

i To study the role of phase signal in rf SQUID, we mea-
\; w \g suredV—-® curves of the same SQUID using both the syn-
chronous and the diode detector. The loop inductance of this
SQUID wasL =225 pH and the resonance frequency of the
resonator was about 610 MHz. In Fig. 5, we compare oscil-
loscope traces obtained with the miXeipper tracgand di-

ode (lower trace at three different temperatures. All traces
have the same ordinate scale. Here, ¥hed curves were
optimized for flux noise measurement. We can see that the
waveforms (shape and amplitudleobtained using the two
different detectors are very similar. This similarity suggests
that, in optimal conditions, the phase signal contribution to
the SQUID’s transfer functiofjyV/d®| is small in compari-
son to the contribution from the amplitude signal. For that
reason, the results of the analytical approach developed in
Ref. 10 for the amplitude detection may well be applied also
to the case when a mixer is used as detector in the SQUID
readout electronics. The higher noise content in the traces
obtained using the diode detector is attributed, at least in
part, to the use of nonoptimized breadboard electronics con-
structed specifically for this measurement.

(b)
IV. CONCLUSIONS

We have shown experimentally that in the presence of
large thermal fluctuations the HTS rf SQUIDs operate in
nonhysteretic mode foB values up to about 3.6, which is
consistent with the prediction of Chesca’s theory. By mea-
suring AFCs and using the expressions derived from theory,
we could determine all rf SQUID parameters. The derived
junction’s |, and R,, were in good agreement with direct
measurements of the junction, thus confirming the validity of
the theory. As predicted theoretically, the optimal energy
sensitivity was obtained aB>1 for a highly dispersive
SQUID, in contrast to the situation at low temperatures
where the optimum correspondsfe=1. In optimum opera-
tion conditions, and with synchronous detectignixer as
detectoy, the phase signal contribution to the transfer func-
tion is small compared with the amplitude signal contribu-
tion. Hence, the use of theoretical expressions derived for the

FIG. 5. Comparison of—® curves obtained using mixéappej and diode ~ @mplitude signal is justified.
(lower) as detector at three different temperatures. All curves have the same
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