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The noise energy of conventional thin-film de superconducting quantum interference devices
(5QUIs) flattened out as the operating temperature was lowered below 140 mK. We
attribute this saturation to the heating of the electrons in the resistive shunts by the SQUID
bias current. This “hot-electron effect” is a general property of normal metals at low
temperatures and arises from the limited rate at which the eiectrons can transfer energy to
phonons. The temperature of the electrons, and hence the noise encrgy of the SGUIDs, was
reduced by a factor of about 3 by attaching large volume “cooling fins” to each shunt.

Inr the classical limit, the noise energy per unit band-
width of a dc superconducting quantum interference device
(SQUID) is well predicted by

Sy (/2L =Sk, TL /R =16k, T(LC)Y'? (1)

at frequencies f above the 1/f noise region, provided
B=2LF/®, is of the order of unity, and
B. = 2wl R’°C/®,5 1. In Eq. (1), Su(f) is the spectral
density of the equivatent flux noise in the SQUID, 7 is the
temperature, L is the inductance of the loop, €, is the flux
quantum, and 7,, €, and K are the critical current, capaci-
tance, and shunt resistance of each of the two Josephson
tunnel junctions. Eguation (1) is based on the assumption
that the noise originates in the Nyquist noise of the resistive
shunts, which are at a temperature 7. The noise energy may
be lowered by reducing L, C, or 7, and it is generally believed
that the quantum limit will be reached when Sy, /2L ~#.4
However, we re-emphasize here that guantum mechanics
does not place a rigorous limit on the value of 5, /2L, which
is a measure only of the voltage noise across the SQUED, but
rather on the noise temperature of a SQUID as an amplifier,
which involves both the voltage noise and the current noise’
in the SQUID loop.

Several groups have achieved z noise energy of a few #
by reducing L or C.5° However, a SQUID with a very low
value of L ( =1 pH) is of limited application because it can-
not be efficiently coupled to an input coil with 2 useful induc-
tance, say | gH. Furthermore, although one can reduce the
self-capacitance of tunnel junctions by making them of smali
area, in practice, parasitic capacitance, such as that associat-
ed with the input coil, appears to set a lower bound on C.
Thus to achieve the quantum: limit in a SQUID which can be
efficiently coupled to an induciance of 1 yH, one may have
to operate the SQUID at temperatures below 1 K. A guan-
tum limited SQUID at 1 kHz would be useful, for example,
as the preamplifier in 2 Weber bar gravity wave antenna'™!!
cooled to the millikelvin temperature range.

In previous measurements ' on SGUIDs, we found that
the white noise energy scaled as 7" as we lowered the tem-
perature to about 140 mK, but remained constant as the bath

© Present address: Centre D’Etudes Nucleaires de Saclay, Gif-sur-Yvette
Cedex, France.

2599 Appl. Phys. Lett. 54 (25), 19 June 1988

0003-6951/89/252598-03$01.00

temperature was reduced further. In this letter, we show that
electran heating in the resistive shunts of such SQUIDs does
not allow the electron temperature tc decrease below about
140 mK, no matter how cold the refrigerator. However, the
addition of “cooling fins” to the shunts enables the shunts to
be cooled to about 50 mEKL

The resistive shunts of a typical de SQUID are con-
structed from normal metal thin films. In operation, a
SQUID is biased at a fixed voitage or current, and the result-
ing power P is dissipated as heat in these thin-film resistors.
The power is supplied initially to the electrons in the metal,
and is transmitted to the underlying insulating substrate by
phonons. In the thin-film shunt at low temperatures, be-
cause the fitm thickness is much less than the wavelength of a
thermal phonon, the temperature of the phonons in the met-
al, 7,, is held very close to the refrigerator temperature by
the substrate, which, in our case, is an oxidized Si wafer. On
the other hand, the level of the white noise in the SQUID is
determined through Eq. (1) by the temperature of the eiec-
trons in the metal shunts, 7, which in turn is determined by
the rate at which the electrons can transfer energy io the
phonons. The resulting equivalent thermal resistance
between the electrons and the phonons, R, has been esti-
mated by Little,"® and measured by Anderson and Peter-
son'? in bulk Cu, RBoukes ¢f ¢/.'" in Cu thin films, and by
ourselves in AuCu thin films.'® Using a calculation based on
electron-phonon scattering, we have shown under certain
simplifving assumptions that the electrons lose energy to the
phonons at a rate’™"’

P=3SOT} - T3, (2

where (3 is the volume of the metal, £ = 0.524a*y, y is the
electronic heat capacity per unit volume, and a*T' is the
thermally averaged electron-phonon scatiering rate.'® From
Eq. {2) one can show that the thermal resistance between
the clectrons and the phonons is R, = 1/(52Q7'}). Thus
for the small volumes typical of thin-film shunts and at low
temperatures, R, becomes large.

In separate experiments, we used a dec SQUID to mez-
sure the Nyquist noise in thin films of AuCu as a function of
dissipated power. From the level of the Nyquist noise and
the film resistance, we deduced the eleciron temperature.
We found excellent agreement with the prediction of Eg.
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(2), T,=(T, +P/20)°, with £ =(2.4406)x10°
W K~ m™>, and where we have set ¥, = 7, the bath tem-
perature.'®' For comparison, from Refs. 15 (thin-flm Cu)
and 14 (bulk Cu), we can deduce values of X for Cu which
are factors of about 1.25 and 2 times smaller, respectively,
than our own value in AuCu. Setting "= 7, in Eq. (1), we
predict that the noise energy in a SQUID at a bath tempera-
ture T, will be given approximately by
5 /5

fi:@kRL<T°“*P/EQ) : (3)

2L R

In a further set of experiments, we investigated the effect
of locally heating the electrons, and showed that the electron
temperature can be substantially reduced by adding a “cool-
ing fin,” consisting of a large volume of normal metal.'®"’
Hot electrons from the small heated region diffuse out into
the large surrounding region, and there lose energy to the
phonons and the cooler clectrons, while cooler clectrons
from the surrounding regions diffuse into the heated region.
The electrical power is thus delivered to a larger number of
electrons, thereby producing a smaller rise in the electron
temperature in the locally heated region. Electrons within an
inelastic diffusion length of the heated region can contribute
to the cooling. At 20 m¥ in our AuCu thin films we cstimate
this length to be of the order of 2 mm, s¢ that rather large
thin-film cooling fins can be used.

Figure 1(a) shows the configuration of the four
SQUIDs discussed here; ali have an inductance of 5 167 1¢
H, and differ only in the construction of the resistive shunts.
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FIG. 1. (a) Configuration of SQUIDs for devices £ 1 and 2 2. (b) Detaii of
shunts for D1 and D2, and (¢) detail of shunt and cooling fin for M 1 and
M2,
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TABLE I. Parameters for the SQUIDs. The parameters 4, €3, and R are the
area, volume, and resistance of the shunts and cooling fins; 8=2L1,/®, and
B.=2wl R7C /P, where L is the inductance of the SQUID, f,and Care
the critical current and capacitance of each junction, and @, is the flux
quantum; Pis the power dissipated by the SQUID;and 7, = (27205,
where 2 = 24X 10° WK S m™3

4 o R P T,
SQUID (mm?) (pem?) 8y £ B, (pW) (mK)
D1 9.6 X104 29x1¢ 6 0.17 5.4 151
D2 9.6 x107% 2.9x10 6 i 012 3.8 140
M1 1.54x 107" 4.6x10° 6 (.15 5.5 55
M2 1.54x 10 ¢ 1.4 10° 8 s 0306 200 36

We chose this somewhat unusual configuration for the
SGUID loop because the speciral density of the ensuing 1/~
like noise at low temperatures had a steeper slope than that
of other SQUIDs that we studied. As aresult, we were able to
determine the white noise at a lower frequency. The junc-
tions are 2X2 pm”, Nb-NbOx-Pbin window junctions
formed using a procedure described elsewhere.'? Figure
1(b) shows the configuration of the Au (25 wt. 9% Cu)
shunts on the first two devices, £ 1 and D 2. Their dimensions
are typical of those of other SQUIDs we have tested; their
area 4 and volume ) are listed in Table |, together with the
values of R, f, and f.. The devices were fabricated with
B. < icreduce resonart structure, which causes a consider-
able degradation of the SQUID performance at low tem-
peratures. The SQUIDs were mounted on a dilution refrig-
erator, and were isolated from external noise by a4 Cu mesh
screened room, g-metal shields, a superconducting Wb
shield, and electrical filters on the bias lines. We measured
the electrical characteristics and noise (from 0.2 Hz to 25
kHz) in each SQUID using a second dc SQUID at the same
temperature. '
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FIG. 2. Flux noise energy vs the refrigerator temperature 7, for four
SQUIDs. Solid line is the prediction of Eq. (1), and the dashed line is the
prediction of Eq. {3) for the parameters of SQUID D2,
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Figure 2 shows the noise energy S, (f) /2L versus the
temperature of the refrigerator, T, The SQUIDs are voltage
biased (at low frequencies) between 1 and 4 1V, and a quasi-
static flux near (2n + 1)P,/4 (nis an integer) is applied. To
obtain the white noise level of each SQUED, we have sub-
tracted the 1/f noise originating in the device itself and the
noise generated by the measuring system. At high tempera-
tures, the noise energies of SQUIDs D 1 and D 2 scale with 77,
and are in cxcellent agreement with the prediction of Eq.
(1). However, in cach case, S, /2L flattens out abruptly at
about 140 mK, and remains more or less consiant as the
temperature of the refrigerator is lowered to about 70 mK in
thecaseof D 1 and 20 mK in the casc of D 2. The correspond-
ing minimum noise energy in these SQUIDs is about 15 4.
The observed abrupt transition from lincar behavior 1o a
constant value is guite inconsistent with the presence of an
external additive source of noise, which would produce a
much smoother transition.

Using our measured value of ¥ and Eq. (2), we can
cafculate the minimum temperature of the electrons in the
shunts of the SQUIDs P land D2, 7 = (P/2Z0)" The
resuits, 151 and 140 mX,, respectively, are in close agreement
with the observed temperatare at which the noise in the
SQUIDs levels out. Wealso note that the abrupt flattening of
the noise energy as a function of temperature is well fitted by
Eq. (3), as is shown by the dashed line in Fig, 2.

We fabricated a second pair of SQUIDs, M t and M 2, in
which a large cooling fin was connected to each shunt. The
corfiguration of the fin is shown in Fig. 1(c), and the rel-
evant parameters are listed in Table 1. The volumes of the
metal in the shunts (including the cooling fins) for 44 1 and
M 2 are 160 and 4800 times greater, respectively, than that of
SQUIDs D 1and D 2. The measured noiseenergiesof M 1and
M 2 are shown in Fig. 2. The scatter in the data at low tem-
peratures is greater for A/ 1 than for M 2 because the measur-
ing SQUID preamplifiers had Z0-turp and 50-turn input
coils, respectively. Conseguenily, the subtraction of the
noise from the measuring system represented a smaller cor-
rection for M 2 than for M 1. We observe that the noise for
both SQUIDs begins to level off at about 50 mK,, in reasona-
ble agreement with the prediction of 7, in Table I, reach-
ing a minimum value of about (5.0 + 0.6)% at 20 mK. We
note that because of resonant structure on the current-vol-
tage characteristic for M 2 (for which 5, ~0.3, a factor of 2
higher than the value of M 1) it was necessary to operate it at
a substantially higher power dissipation that the other de-
vices.

These results show rather dramatically the cifects of
electron heating in limiting the sensitivity of de SQUIDs in
the white noise region at low temperatures. We have shown
that the effeciive electron temperature and hence the noise
energy can be reduced by a factor of roughly 3 by attaching
cooling fins to the shunt resistors. Nonetheless, we expect
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these hot-electron effects to piay a crucial role in Emiting the
noise energy of any dc SQUID operated at low temperatures.
Aldthough the value of T, depends on the volume of the

shunts, the power being dissipated in the SQUID, and the
shunt material, since 7, scalesas (P /3Q) /7 itis relatively
insensitive even to large variations in these parameters. The
noise energies of most SQGUIDs currently used should thus
be expected to flatten out between 100 and 200 mK, unless
large volume “cooling fins’” are used. Conversely, we would
not expect to see such effects at temperatures much above
this range for typical SQUIDs. For cxample, very recently,
Awschalom et al."” found that the noise energy scaled with T
for temperatures greater than about 300 mK, and did not
report any flattening out. This is in agreement with our ear-
lier work, '? where no flattening out was observed above 150
mXK.

In conclusion, we point out that the flattening of the
noise energy as the temperature is lowered is also character-
istic of the crossover from the classical regime to the quan-
ium regime, and one may have to exercise considerable care
to distinguish guantum effects from hot-electron effects.
Finally, hot-electron effects are not confined to the resistive
shunts of SQUIDs, but wiil occur in any normal metal sys-
tem which is operated at a temperature below T,
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