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Temporal measurement of hot-electron relaxation in a phonon-cooled metal island
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We report temporal measurements of the dynamic electronic temperature and the electron-phonon thermal
relaxation rate in a micron-scale metal island, with an electronic heat capacity of order TH/KO(kg). We
employed a superconductor—insulator—normal-metal tunnel junction, embedded in a radio-frequency resonator,
as a fast 20 MHz) thermometer. A resistive heater coupled to the island allowed us to pulse the electronic
temperature well above the phonon temperature. Using this device, we have determined the thermal relaxation
rate of a hot-electron population in a thin normal-metal film with a measurement bandwidth that exceeds the
low-temperature thermal bandwidth.
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Determination of the heat capaci@/of a thermodynamic  over time scales shorter thag,, are also critical for devel-
system, in contact with a thermal reservoir through a thermabping a complete understanding of the thermodynamics of
conductancés, necessitates the measurement of temperaturgesoscopic systems.
over time scales shorter than the characteristic thermal relax- A commonly accepted model of the thermal decoupling of
ation time7=C/G. For mesoscopic devices, this time scaleelectrons and phonons at low temperatures was first de-
can become exceedingly short. A contributing factor is thatcribed theoretically by Littlé? with a more general discus-
both the electron and phonon heat capacities scale with deion provided by Gantmakhé&t.For bulk metals with vol-
vice volumeV. Furthermore, it is difficult to thermally iso- ume V, the power flow Pep from the electron gas at
late a phonon system from its environment, as even a vergemperaturel,, to the phonon gas &, is given by
weak mechanical suspension can be limited at low tempera-
tures by the scale-independent quantum of phonon thermal Pe_pzzv(Tg_TB), (1)
conductancé=* Electrons in a metal, however, naturally de-
couple from their phonon environment at low temperaturesyhere, is a material-dependent parameter. For a spherical
with the electron-phonon thermal conductance scaling with &ermi surface and a Debye phonon gas, it has been calcu-
power IawGe_pocVT“m. Since the electron heat capacity of lated thatn=5. From Eq.(1) and a specific-heat scaling as
a metal scales aB.xVT, the small signal electron-phonon T, we getre,=T~ ™, with m=n—2=3.
thermal relaxation time.,= C. /G, is independent of vol- A number of measurements have shown that @&yap-
ume and scales with a power lalv ™. As the exponentm  plies to thestaticheating of thin-film metals, typically with
typically is greater than unity; , increases with decreasing slightly lower than 5, falling in the range from 4.5 to 4.9,
temperature, becoming the dominant relaxation time constantith values fors in the range(1-2)x 10° W/m3K® (Refs.
for electrons at low temperatures. Measurements of th&, 5, 6, and 1} Static measuremeritsf other materials as
electron-phonon coupling to date have relied on statiovell as theoretical calculations® support m~2, while
methods® with the detailed temperature dependence andther§ indicatem~4. The specific temperature dependence
thus the value of m depending upon the sample of 7., thus reflects the properties of the metal, making direct
characteristic$-*° measurements of,., highly relevant.

In an effort to both explicitly measure,., and perform Our measurements yield the dynamic temperature re-
calorimetry at the smallest size scale, we present largesponse of a small metal island by using a SIN tunnel junction
bandwidth measurements of the dynamic electron temperahermometef’:14 Well below the superconducting transition
ture of a micron-scale metal island, using our recently develtemperaturd ¢, the tunnel junction’s small-signal resistance
oped radio-frequency superconductor—insulator—normalat zero biasRy=dV/dI(0), is exponentially dependent on
metal thermometefrf-SIN).}* Static heating measurements the ratio of temperatur€ to the superconducting energy gap
can only implicitly access.,, typically by measurings.., A, Ryxe?’*sT. A submicron scale SIN tunnel junction there-
and assuming the usual linear temperature dependence ffmre has a low-temperature resistance that can easily exceed
the electronic heat capacity. Our measurement has sufficied* ), limiting conventional time-domain measurements to
bandwidth with which to directly measure the relaxation ratebandwidths of order 1 kHz. In order to monitor changes in
at temperatures up to 1 K, and represents the time-domaithis resistance at sub-microsecond time scales, we circum-
measurement of_, in a thin normal-metal film. This system vent the unavoidable stray capacitance in the measurement
therefore allows us to probe the thermodynamic behavior o€ircuit by embedding the junction in laC resonant circuit,
electrons in very small metal volumes, potentially with heatas shown in Fig. $1'*>We then measure the resistance of the
capacities as small as #. Such small metal volumes are SIN junction, and thus the normal-metal electron tempera-
prime candidates for energy absorbers in far-infrared photorture, by measuring the power reflected from the circuit at the
counting bolometer$and would allow unprecedented calo- LC resonance frequency. A change of the junction resistance
rimetric sensitivity in the mesoscopic regime. Measurement®,, induced by heating the electrons, in turn changes the
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axis mixer if voltage,right axis electron temperatuyeThermom-

FIG. 1. (Color onling (a) Optical micrograph of electron calo- eter response is at 5_0 kHz. Ea(?h trqce represents 256 averages with
rimeter. Center Au island is contacted on left by rf-SIN thermom-& 2 MHz low-pass filter. Baseline signal is for zero heater power,
eter, and on right by a NiCr resistor. Outer ground leads and th&/ith power ranging from 300 pW to 100 nW. At the highest power
contact right of the resistor are superconducting Al. Inset: Drawing"€ Signal clips aff =T¢~1400 mK. The 25 kHz components at
of the SIN junction: Al gray, Cu white, junction area in black. 'OW Power are due to a dc offset in the heater signal.

Dotted outlines are fabrication artifactd) Electrical circuit. SIN
thermometer is in & C resonator(c) Thermal schematic. Calorim- capacitance of the stripline and Au bond pads, w@h
eter electron ga€, is thermally isolated by superconducting Al =0.5 pF. The expected.C resonance frequency i;eq
contacts Gp); the dominant thermal link is througB..,. The =1/2m(LC)*?=350 MHz, the tuned circuit quality factor is
NiCr resistor directly heats the electron gé&d) Timing diagram. Q= w/L/CZOZE 20, and the measurement bandwidthAi$
The heater voltage pulse causesto rise, saturate, and then decay. =f ___/Q=20 MHz. The measurement circuit is shown in
The envelope of the reflected power from th€ resonator is di-  Fijg. 1(b). The tunnel junction is configured for simultaneous
rectly related taT . dc and rf measurementsa a bias tee, not shown in Fig. 1.
We have described the technical aspects of rf-SIN ther-
amplitude of the reflected radio-frequency signal. This rf-mometry elsewher Here we will describe the salient as-
SIN readout scheme is analogous to that employed in thpects as they pertain to these measurements. We determined
radio-frequency single electron transistdrSET).1 the resonance frequency of th€ circuit to be 345 MHz. A

Our device is fabricated on a single-crystal GaAs chip. Acarrier signal source was connected through a directional
85 nm thick Au center island, wire-bond pads, and an intercoupler to a coaxial line, which was in turn connected to the
mediate Au pad were deposited first. We then deposited BC resonant circuit. The carrier frequency was set close to
100 nm thick NiCr film, with a 50 resistance, followed by the LC resonant frequency. The signal reflected from the
the superconducting Al ground leads and heater cohfact.LC resonator was high-pass filtered and amplified. This am-
The NiCr contacts the Alia the intermediate Au pad to plified signal was then mixed with a local oscillat@p),
ensure low interfacial resistivity. The tunnel junction ther- provided by a second rf signal source phase locked to the
mometer was deposited last, using a standard double-angbarrier source. The intermediate frequer{dy output from
evaporation methotf A 90 nm thick Al electrode was the mixer was low-pass filtered, amplified, and the resulting
evaporated, oxidized, and the junction completed with a 9Q@ime-dependent signal captured by a sampling oscilloscope.
nm thick Cu counterelectrode, which also contacted the ceriFhe NiCr resistor was heated using either a dc or a rf pulsed
ter Au island. source: A pulse sent to the resistor heats the NiCr, the Au

The device is shown in Fig.(4). Note that the Au center island, and the Cu electrode, changing the electron tempera-
island is electrically grounded, so that heating signals applieture, and therefore changing the amplitude of the carrier sig-
to the NiCr resistor do not couple directly to the SIN junc- nal reflected from the tunetC circuit, as shown in Fig.
tion, but instead affect it by changing the temperature of thel(d).

Au island. The heating signals are in principle limited by the In order to characterize the response of the system, we
diffusion time from the NiCr through the Au island, and then first heated the NiCr resistor usingfg= 25 kHz sinusoidal
along the Cu electrode to the tunnel junction; we estimatalrive signal. Figure 2 shows the response for various drive
this time to be less than 10 ns. powers. The if signal was low-pass filterefd(2 MHz), and

We mounted the chip on a printed circuit board, whicheach curve is the result of averaging 256 drive periods. The
was enclosed in a brass box. Gold wire bonds were madieft axis is the mixer if voltage, and the labels on the right
between the Au bond pads on the chip and Cu coplanar strigaxis indicate the electron temperature inferred from the
lines on the circuit board. A chip inductor with=390 nH  change in reflected signal. The instantaneous power dissi-
was placed in series with the SIN junction. The capacitanc@ated in the resistor is proportional to the square of the volt-
C in parallel with the junction is due to the stray geometricage applied the heatP(t) =V?2(t)/Ryic,]; this causes the
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Inset: Solid line s fit toP(Te, Tp) =V (Te~Tp). power, with significant phonon heating and a distorted tem-

perature dependence a likely outcome. We find a fitted rela-
reflected signal to be modulated at twice the heater signation matching that of Eq.(1), with n=4.7 and>=2.1

2fy=50 kHz. At low powersP, contributions at 25 kHz % 10° W/m?K*”, consistent with other measurements in the
were also present due to a small dc offset on the heatefirty limit.3>¢14
voltage V(t), V(t)=Vqy.+ Vesin2nfgt. At the highest pow- Finally, we performed measurementsdyhamicelectron-
ers, the reflected signal is clipped near the Al superconducphonon cooling, by monitoring the detailed time-dependent
ing transition temperature: The junction resistance is tempehavior of the electron temperature at the end of a heating
perature independent aboVe . pulse. Figure 4 shows the measured response to a heater
The measured signal depends on the proper adjustment pfilse (2560 averages, using a 50 MHz low-pass fjltdihe
the detection mixer's lo phase. In order to correctly adjusteating voltage pulse was configured to have 1.6 ns leading
this phase, we first applied a heater signal sufficient to geand trailing edge widths. The initial temperature rise is at
the maximum(clipped response, achieved for an island tem- |east as fast as the time resolution of the measurement, with
perature reaching thg; of the aluminum superconductor pf an expected raté= P/C,=140 mK/nsec, as we are directly
1.4 K. The phase of the lo was then adjusted to achievgeaiing the electron population. The rapid onset also indi-
maximum differential response between the loweStates that electron diffusion in the composite metal structure
(=300 mK) and the highes&{1400 mK) electron tempera- s npot g rate-limiting factor. At the end of the pulse, the
tures. The SIN junction ranges from 108ko 6 k() over  peating power drops to zero, leaving a nonequilibrium hot-
this temperature range, and passes through the vali® of g|ectron population that relaxes by phonon emission. Initially
where optimal matching with the cable impedance oc€Urs. hjs relaxation is seen to be quite rapid, but it slows markedly
In the parlance of radio-frequency electronics, the carrier sigag the electron temperature nears the phonon temperature.
nal is overmodulated, so the absolute value of the reflecteg,q asymmetry of the response shape reflects the tempera-
power is a double-valued function of temperature. Howeveryre dependence of the electron-phonon time constant and
as we are sensitive to the phase of the carrier, the propgre nongdifferential nature of the heat pulse; at high tempera-
qguadrature of the mixer if voltage retains a monotonic ruresr,., is very short, while as the gas cools the time con-
sponse. Finally, the reflected if signal as a function of cry-gignt bepcomes significantly larger.
ostat temperature, for no heat-er vpltage applied, was used to The shape of the relaxation curve shown in Fig. 4 can be
construct the temperature calibratiof¢(T). understood by examining the dynamics of the electron tem-
We measured thequasistatic relation between the perature. The electron heat capacityCis= YV T,, wherey
electron-phonon power flow.., and the electron and pho- s the Sommerfeld constant. Assuming the power flow to the

non temperature¥e and T, as given by Eqcl). We applied  phonons is given by Eq1), the time rate of change of the
a series of 3us pulses while varying the peak heating ﬁlectron temperatur@e is

power, and monitored the resulting time-dependent electro

temperature. The substrate temperature was kept at 300 mK. s ™

The signal was filtered wita 2 MHz low-pass filter, and the To=— _( n-1_ _p) _ 2
result of 256 averages is shown in Fig. 3. This is equivalent Y Te

to a dc heating measurement with a key difference, namely, . . .

that as the heating pulses were delivered to the device at a sing the normalized temperatuge=Te /Ty, this is

kHz repetition rate, the duty cycle was only 0.3%, so that the 1 1

substrate phonons did not have sufficient time to heat. The h=—-——(g""1—1/p), @)
corresponding dc experiment requires 300 times as much N Tep(Tp)
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in terms of the small signal thermal relaxation rateheat capacities of-(10°~1)kg at 300 mK. We estimate
r;;ZnETB’Z/y for electrons near the phonon that a calorimeter based on a steady-state ac measurément
temperaturé® We fit our measured response to E8).using  will then have a sensitivity of (50-50Ky /Hz*2. Calorim-

this rate as the only adjustable parameter, finding the valuetry at the single degree of freedom scale is accessible with
Tep=1.6 us atT,=300 mK* This is in agreement with the reasonable integration times. ' _
measured value o and a compositey which takes into In summary, we have performed sub-microsecond time
account the relative metal volumes in the det&Ve can Scale measurements of the electron temperature of a micron
thus determine the heat capacity of the metal islapd, Scale metal island, cooled dynamically by phonon emission.
~1 fJ/K=10"kg at 300 mK. Our explicit measurement finds The ability to apply and measure the response to fast heat
Tep* TM with m~—3, consistent with static measurementspmses has permitted us to_make measurements o_f electron-
on similar material systenﬁ'ﬁ phonon thermal relaxation in a thin normal-metal film, and

There are interesting opportunities for electronic calorim—emact the heat capacity of the metal island. This, to our

etry in this temperature and size regime. Intriguing theoreti-knOWIedge’ is the smallest measured heat capacity to date.

cal results have been presented for the thermodynamic rél'_he device th‘fﬂ \;vhe havg fabrlt_:ated IS a dmajor s‘:eta forw?rd
sponse of mesoscopic superconducting dfékand giant orbme/sOSC(l)pl_c ermo dynamlcs, pr_0\|/|| esl a piatiorm for
moment electronic paramagnets such as PdR&f. 25 and sul "f"‘] fK ca or!meltry, han can dpo';]entla BE)pI ay an important
PdFe(Ref. 26 offer a means of probing the thermodynamics role In future single photon and phonon bolometers.
of a mesoscopic phonon-electron-spin-coupled system. We acknowledge financial support provided by the NASA
We can estimate the potential calorimetric limits of our Office of Space Science under Grants Nos. NAG5-8669
technique. Using a cryogenic front end amplifier to measureand NAG5-11426, the Army Research Office under Grant
the reflected power from the SIN junction, we project that aNo. DAAD-19-99-1-0226, and the Center for Nanoscience
temperature sensitivity of 1 uK/Hz? (Ref. 11 is achiev- Innovation for Defense. We thank Bob Hill for processing
able with normal-metal volumes of 0.01—Quin® that have  support.
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