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We suggest an ultrasensitive detector of electromagnetic ﬁelds exploiting the giant thermoelectric eﬀect
recently found in superconductor-ferromagnet hybrid structures. Compared with other types of superconducting detectors where the detected signal is based on variations of the detector impedance, the
thermoelectric detector has the advantage of requiring no external driving ﬁelds. This is especially relevant in multipixel detectors, where the number of bias lines and the heating induced by them are an issue.
We propose diﬀerent material combinations to implement the detector and provide a detailed analysis of
its sensitivity and speed. In particular, we perform a proper noise analysis that includes the cross correlation between heat and charge current noise and thereby describes also thermoelectric detectors with a
large thermoelectric ﬁgure of merit.
DOI: 10.1103/PhysRevApplied.10.034053

I. INTRODUCTION
Some of the most accurate sensors of wideband electromagnetic radiation are based on superconducting ﬁlms.
Such sensors, in particular the transition-edge sensor
(TES), are used in a wide variety of applications requiring extremely high sensitivity. Those applications include
detection of the cosmic microwave background [1–3] and
other tasks in astrophysics [4], generic-purpose terahertzradiation sensing used, for example, in security imaging
[5], gamma-ray spectroscopy of nuclear materials [6], and
analysis of materials by detection of ﬂuorescent x-rays
excited by ion beams [7], short laser-driven x-ray pulses
[8], or syncrotrons [6]. Many of these applications would
beneﬁt from the addition of more pixels (i.e., more sensors)
to increase the collection eﬃciency, detection bandwidth,
or the spatial or angular resolution. However, operating
large arrays of TESs can be problematic as each pixel
requires a bias line. This can be cumbersome in the presence of thousands of pixels, even with advanced multiplexing techniques [6]. Moreover, the bias lines tend to carry
heat into the system especially by radiation, reducing, for
example, its overall noise performance. In addition, a TES
always dissipates power at the pixel, giving constraints
on the cryogenic design for large arrays. One alternative
*
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is the kinetic inductance detector (KID) [9–11] and its
variants [12,13], the most common being the type with
passive frequency-domain multiplexing using superconducting microwave resonators [14]. With such a device,
a single pair of coaxial cables can be used to probe a large
array of pixels, but the probe power is, by necessity, also
partially dissipated at the detectors.
Both the TES and the KID are based on the measurement of an impedance of the sensor (i.e., response to a
probe signal). It would generally be beneﬁcial if one could
get rid of the probe signal altogether, so that the measured
signal would result directly from the radiation coupled to
the detector. This is what happens in thermoelectric detection [15–17], where the temperature rise caused by the
absorption of radiation is converted into an electric voltage
or current that can then be detected. Such thermoelectric
detectors have been discussed before, but they have not
been considered for ultrasensitive low-temperature detectors for the simple reason that thermoelectric eﬀects are
typically extremely weak at low temperatures. On the other
hand, at high temperatures, where such thermoelectric
eﬀects would be strong enough, the thermal noise hampers
the device sensitivity.
We suggest overcoming these problems in a
superconductor-ferromagnet thermoelectric detector
(SFTED) [18] by exploiting the newly discovered giant
thermoelectric eﬀect that occurs in superconductor-
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ferromagnet heterostructures [19–22] for radiation sensing. As this thermoelectric eﬀect can be realized with close
to Carnot eﬃciency [19,22] even at subkelvin temperatures, the resulting detector can have a large signal-to-noise
ratio, and a noise-equivalent power (NEP) rivaling those
of the best TESs and KIDs without the burden of having to use additional bias lines for probing the sensor, and
with zero (for ideal ampliﬁcation) or at most very small
nonsignal power dissipation at the sensor location. The
only part of the system where external power is needed
is in the detection of the thermoelectric currents (i.e., at the
ampliﬁer), which can be taken far from the active sensing
region.
Recently the use of superconductor-ferromagnet structures in thermometry has been discussed [23]. Despite
some similarities, thermometers and radiation detectors
have quite diﬀerent requirements regarding their sensitivity. In particular, the sensitivity of radiation detectors
is typically dictated by the temperature-ﬂuctuation noise,
which is not an issue as such for thermometers. In this
paper we concentrate on ﬁnding and optimizing the relevant ﬁgures of merit for radiation detection, and hence we
cannot beneﬁt much from the results in thermometry.
For concreteness, we consider the detector realization
depicted in Fig. 1. The sensor element (i.e., one pixel
of a possible detector array) is formed from a thin-ﬁlm
superconductor–ferromagnetic insulator bilayer coupled to
superconducting antennas via a clean (Andreev) contact.
This bilayer is further connected, via a tunnel junction
(magnetic or normal) to a ferromagnetic electrode [24].
The current injected into the ferromagnetic electrode or the
voltage generated across the tunnel junction is detected by
a superconducting-quantum-interference-device (SQUID)
current ampliﬁer or a ﬁeld-eﬀect transistor, respectively. In
what follows, we describe conditions for measuring radiation in the far-IR region, in which case it can be coupled to
the detector via antennas. Alternatively, the detector could
be used for measuring radiation at higher frequencies (such
as x-ray frequencies), in which case the system should be
connected to an additional, larger absorber element.
We consider the radiation to be directed to the detector via a superconducting antenna (not shown in Fig. 1)
that is coupled via a clean (Andreev) contact to the active
superconductor–ferromagnetic insulator region (absorber).
To prevent heat leaking from the absorber, the superconductor used in the antenna should be fabricated from a
material with a higher superconducting gap A than the
one used in the absorber, . One possible combination
could be a Nb antenna and an Al absorber. For optimal quantum eﬃciency, the normal-state resistance of the
absorber (seen by radiation at frequencies higher than /h,
where h is Planck’s constant) should be matched to the
speciﬁc impedance of the antenna, typically somewhat
below the vacuum impedance. For an Al ﬁlm thickness
of 10 nm, a typical sheet resistance is 5–10 . Hence, a

(a)

(b)
Electrode
Phonons

FIG. 1. (a) The thermoelectric detector, where a temperature
diﬀerence TS − TF drives a thermoelectric current Ith and/or a
thermovoltage Vth across a spin-polarized junction. The latter is
composed of either a normal insulator and a ferromagnetic electrode (F) or a ferromagnetic insulator (FI) and a normal metal
electrode. (b) Heat balance: incoming radiation power heats up
the quasiparticles in the spin-split superconductor (S), and the
amount of heating depends on the heat conductances to the main
heat baths.

1-μm-wide ﬁlm with length l = 10 μm would have resistance Rγ = 50–100  seen by the radiation, thereby
matching well with typical antennas. In what follows, we
hence choose an absorber region of this size. Reducing
(increasing) the width and length while keeping their ratio
constant would result in the same quantum eﬃciency but
decreased (increased) noise and dynamic range.
The absorber superconductor is placed in contact with
a ferromagnetic insulator that exerts a magnetic proximity
eﬀect on the former, resulting in a spin-splitting exchange
ﬁeld h inside the superconductor. In Al, large induced spinsplitting ﬁelds have been detected by contacting it, for
example, with EuS [25] or EuO [26]. At low temperatures
compared with the superconductor critical temperature Tc ,
the exchange ﬁeld does not have a major eﬀect on the
order parameter  [27,28]. However, it results in a strong
(and opposite) electron-hole asymmetry in each spin component in the direction speciﬁed by the magnetization of
the ferromagnetic insulator. This asymmetry can be used
to generate a thermoelectric signal if the superconductor
is connected via a spin ﬁlter to another electrode [19,22].
This spin ﬁltering is provided here by the ferromagnetic
electrode and is quantiﬁed by the normal-state spin polarization P = (G↑ − G↓ )/(G↑ + G↓ ) ∈ [−1, 1], where Gσ
is the normal-state conductance of the superconductorferromagnet contact for spin channel σ . In what follows,
we also characterize this contact via its spin-averaged
normal-state conductance GT . In practice, oxide contacts
with ferromagnetic metals such as Ni, Co, or Fe have P ∼
0.1–0.45 [29,30], whereas use of ferromagnetic insulator
contacts may lead to polarizations exceeding P ∼ 0.9 [31].
The precise value of GT for a given area of the junction can
be controlled by the thickness of the tunnel junction.
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II. NOISE-EQUIVALENT POWER OF A
THERMOELECTRIC DETECTOR
We ﬁrst consider a generic thermoelectric element working as a radiation sensor and analyze its ﬁgures of merit, in
particular the NEP and the thermal time constant τT , both
deﬁned in detail below. As the radiation with power Pγ is
absorbed in the absorber, it ﬁrst creates a strong nonequilibrium state of the quasiparticles. This nonequilibrium
state relaxes via (i) quasiparticle-quasiparticle collisions,
(ii) spurious processes such as quasiparticle-phonon relaxation, and (iii) the escape of the quasiparticles to the (ferromagnetic) electrode. The last process yields the detected
signal. Moreover, some of the excitations may escape as
quasiparticles to the antenna. We assume that relaxation
via quasiparticle-quasiparticle collisions dominates so that
the quasiparticles thermalize between themselves before
escaping to the antenna, and therefore in what follows
we disregard escape of excitations as quasiparticles to the
antenna. As a result of this chain of events, the quasiparticles in the absorber heat up to temperature TS = T + T
determined from a heat-balance equation [32]:
Ch

dT
= Pγ − Gtot
th T + αVth ,
dt

Vth
α
= tot tot
,
Pγ
Yth Y T − α 2

λI ≡

IL
λV
,
=
Pγ
iωL

(2)

tot
Yth
δT = δ Q̇q-ph + δ Q̇J + αV,

(3a)

Ytot V = δI + αδT/T.

(3b)

Solving these yields
tot
V = λV (δ Q̇q-ph + δ Q̇J + Yth
TδI /α)

(1)

where Ch is the heat capacity of the absorber and Gtot
th =
Gq-ph + Gth , where Gq-ph and Gth denote the heat conductances from quasiparticles to the phonons and to the
ferromagnetic electrode, respectively. In the linear regime
we assume that both reside at the bath temperature T.
The last term results from the Peltier heat current driven
by the induced thermovoltage across the superconductorferromagnet junction, and it is proportional to the temperature diﬀerence T. We assume that the detector operates
at low powers Pγ so that these linear response relations are
suﬃcient. The detector characteristics depend strongly on
the chosen T.
The induced temperature diﬀerence (in the frequency
domain) T = (Pγ + αVth )/(iωCh + Gq-ph + Gth ) drives
a thermoelectric current Ith = αT/T − GVth into the ferromagnet and ultimately to an ampliﬁer. To focus on
detector performance limits ﬁrst, we disregard the backaction noise from the ampliﬁer, and consider the ampliﬁer
only as a reactive element: either a capacitor or an inductor, corresponding to a ﬁeld-eﬀect transistor or SQUID
ampliﬁer, respectively. Therefore, the thermoelectric current equals Vth [iωC + 1/(iωL)] across the ampliﬁer with
capacitance C and inductance L in parallel. One can obtain
the practical limits of voltage (current) measurements by
considering ω = 0 and taking the limit L → ∞ (C → ∞).
From these relations we can obtain the voltage and current
responsivities:
λV ≡

where IL is the current across the inductor. The relevant
responsivity depends on the choice of the ampliﬁer. Here
tot
tot
Yth
= iωCh + Gtot
= G + iωC + 1/(iωL) are the
th and Y
thermal and electrical admittances, respectively. Note that
ZT(ω) = αλV is a ﬁnite-frequency generalization of the
usual thermoelectric ﬁgure of merit.
We next consider the temperature ﬂuctuation δT, voltage noise V across the capacitor, and current noise IL
across the inductor. These are driven by the three intrinsic
noise sources: the charge and heat current noises δI and
δ Q̇J across the thermoelectric junction and the heat current
noise δ Q̇q-ph for the quasiparticle-phonon process. The heat
balance equation and the Kirchoﬀ law for the noise terms
read

(4)

and IL = V/(iωL). To ﬁnd the second-order correlator of these noise terms, we assume that the intrinsic
correlators satisfy
δI 2 = 4kB TG,

(5a)

δ Q̇2J = 4kB T2 Gth ,

(5b)

δI δ Q̇J = −4kB Tα,

(5c)

δ Q̇2q-ph = 4kB T2 Gq-ph .

(5d)

These result from the ﬂuctuation-dissipation theorem for
the individual contacts. In particular, the cross-noise term
is important for strong thermoelectric response, and was
not taken into account before; it was, for example, disregarded in Ref. [16]. The total voltage-noise spectral
density is (note that this is the symmetrized voltage-noise
correlator, and therefore one needs to take the absolute
value squared)
tot
2
2
Gtot
th (GTGth − α ) + ω Ch GT
.
α2
(6)
The term in parentheses is positive semideﬁnite due to the
thermoelectric stability condition α 2 ≤ GTGtot
th valid for all
thermoelectric systems. The current-noise spectral density

SV = V2 = |λV |2 4kB T2
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across the inductor, SI , has the same form as SV in Eq. (6),
but where λV is replaced by λI .
2
The square of the NEP Pne
is the power spectral density for which the induced-thermoelectric-voltage spectral
density across the capacitor equals SV , or for which the
thermoelectric current spectral density across the inductor equals SI . These yield the same results, SV /|λV |2 =
SI /|λI |2 ,
2
Pne
≡

tot
tot
2
2 2
SV
2 Gth (GTGth − α ) + ω Ch GT
=
4k
T
. (7)
B
|λV |2
α2

This may be written in a more tractable form by use
of the zero-frequency thermoelectric ﬁgure of merit zT =
2
α 2 /(Gtot
th GT − α ) [33] and the thermal time constant τT =
tot
Ch /Gth :
2
=
Pne

4kB T2 [1 + ω2 τT2 (1 + zT)]Gtot
th
.
zT

(8)

The zero-frequency thermoelectric NEP thus equals the
usual thermal bolometer NEP [34] from the thermal ﬂuctuation noise divided by the square root of the ﬁgure of
merit. Moreover, the thermal time constant determining the
frequency
band for the detection is increased by the factor
√
1 + zT.
Above discussion disregards the contribution from the
ampliﬁer noise. This is discussed separately below.
The NEP written above can be optimized, as typically
the overall level of the thermoelectric junction conductance can be chosen almost at will, and the coeﬃcients α
and Gth scale with the same prefactor. In the sensor discussed here, this means optimizing the normal-state conductance of the thermoelectric junction. On the other hand,
for a given absorber volume , the thermal conductance of
the spurious process Gq-ph cannot be aﬀected much. Therefore, choosing a too small junction conductance results in a
poor thermoelectric ﬁgure of merit zT, whereas increasing
the junction conductance increases the thermal ﬂuctuation noise and the Johnson-Nyquist current noise of the
junction. In addition, a high junction conductance may
lead to a heating of the normal-metal (ferromagnetic) electrode, thereby reducing the temperature gradient across
the junction, and the associated thermoelectric eﬀects.
In what follows we assume that this electrode is thick
enough so that its heating can be disregarded. For zerofrequency NEP,
√ the optimum is obtained with conductance
Gth /Gph = 1 + zTi , where zTi = α 2 /(Gth GT − α 2 ) is the
intrinsic ﬁgure of merit of the junction (not including
the heat conductance to the phonons). With this choice, the
optimal NEP of the thermoelectric detector is
2
Pne,opt

4Gq-ph kB T2 (1 +
=
zTi

√
1 + zTi )2

.

(9)

It hence reaches the limit set by the thermal ﬂuctuation
noise of the spurious process for zTi → ∞.
The above discussion holds for arbitrary thermoelectric
sensors of the type depicted in Fig. 1(b). However, typically strong thermoelectric eﬀects are found only above
room temperature, which renders the thermal ﬂuctuation
noise very large. The combination of a spin-split superconductor with a spin-polarized contact circumvents this
problem, leading to large thermoelectric response even at
subkelvin temperatures. In the following, we analyze this
system in more detail.
III. SUPERCONDUCTOR-FERROMAGNET
THERMOELECTRIC RADIATION DETECTOR
First, following Ref. [19], we write the thermoelectric coeﬃcients of the spin-polarized junction between
the spin-split superconductor and the nonsuperconducting
contact as
 ∞
N0 (E)

,
G = GT
dE
(10a)
−∞
4kB T cosh2 2kEB T

GT
Gth = 2
e

GT
α=
P
2e



∞

dE
−∞



E 2 N0 (E)

,
4kB T2 cosh2 2kEB T

(10b)

ENz (E)

.
4kB T cosh2 2kEB T

(10c)

∞

dE
−∞

Here GT is the normal-state electrical conductance of
the junction, and N0 (E) = (N↑ + N↓ )/2 and Nz = N↑ −
N↓ are the spin-averaged and the spin-diﬀerence density of states (DOS) of the superconductor, normalized
to the normal-state DOS νF at the Fermi level. They are
obtained
 from N↑/↓ = NS (E ∓ h), with NS (E) = Re[|E +
i |/ (E + i )2 − 2 ], where h is the spin-splitting ﬁeld
and
  describes pair-breaking eﬀects inside the
superconductor. Analytic approximations for Eq. (10) are
detailed in Ref. [19].
The heat capacity of the absorber with volume  is
obtained from


 ∞
d
Ch =
dEEN0 (E)feq (E)
νF 
dT
−∞
 ∞
E 2 N0 (E)
νF
νF e2

=
Gth .
(11)
=
2
4kB T −∞ cosh2 E
GT
2kB T
The thermal time constant of the junction, Ch /Gth , hence
remains independent of superconductivity or spin splitting.
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FIG. 2. Optimal normal-state tunnel conductance GT of the
thermoelectric junction. For Al of volume 10−19 m3 , a value of
1 corresponds to G−1
T = 20 . At the lowest temperatures the
results depend strongly on the value of the broadening parameter used in the numerics. The solid lines are calculated with
= 10−4  and the dashed lines are calculated with = 10−3 .

The electron-phonon heat conductance of a spin-split
superconductor in the pure limit can be obtained from [35]
 ∞
 ∞

Ge-ph =
dEE
dω
96ζ (5)kB5 T2 −∞
−∞
× ω2 |ω|LE,E+ω FE,ω ,

(12)

with

 


ω
1
E
E+ω
FE,ω = −
sinh
cosh
cosh
2
2T
2T
2T

−1

,
(13)

LE,E  = (1/2) σ =± Nσ (E)Nσ (E  ){1 − 2 /[(E + σ h)(E 
+ σ h)]}, and σ = ± for spin ↑ / ↓. Here is the materialdependent electron-phonon coupling constant (for typical
values, see Ref. [34]),  = wld is the volume of the superconductor island, and ζ (x) is the Riemann zeta function.
In the low-temperature limit kB T   − |h|, the
electron-phonon heat conductance can be approximated as
Ge-ph =

 4
˜
˜
T [cosh h̃e− f1 ()
96ζ (5)
˜ 5 e−2˜ f2 ()],
˜
+ π

(14)

˜ = /kB T. The function f1 can
where h̃ = h/kB T and 
˜ = ∞
˜n
be approximated with an expansion f1 ()
n=1 Cn /
with coeﬃcients C0 ≈ 440, C1 ≈ −500, C2 ≈ 1400, and
˜ = ∞
˜n
C3 ≈ −4700. An expansion for f2 is f2 ()
n=1 Bn /
with coeﬃcients B0 = 64, B0 = 64, B1 = 144, and B2 =
258. The derivation of Eq. (14) is presented in the
Appendix.

FIG. 3. Thermoelectric ﬁgure of merit as a function of the
exchange ﬁeld for junctions with diﬀerent polarizations P at
temperature T = 0.1/kB , with GT = 5 × 10−4 e2 3 and
= 10−3 .

In the following, we use the above formulas to discuss the behavior of the SFTED. For this, we evaluate the above integrals numerically to obtain predictions of the optimal junction conductance, the thermoelectric ﬁgure of merit zT, the total NEP, and the time
constant. The optimal normal-state junction conductance
GT is plotted as a function of temperature in Fig. 2.
As the electron-phonon heat conductance dies out faster
than the junction heat conductance at low temperatures,
the optimal GT also depends strongly on temperature.
Note that for an Al absorber with electron-phonon coupling constant
= 0.3 × 109 W/m3 K5 , volume  =
−19 3
10
m , and  = 200 μeV, the dimensionless parameter
kB5 GT /(e2 3 ) = GT × 20 . The optimal normal-state
resistance of the junction is thus within the range from
20 k to 20 M. Moreover, since both GT and 
depend on the area of the absorber, the real optimizable parameters are the absorber ﬁlm thickness and the
junction conductance per unit area. In what follows, we
use GT = 5 × 10−4 e2 3 , corresponding to a junction
resistance of 40 k, optimal roughly at T ≈ 0.1/kB ∼
200 mK. This corresponds to a resistance times unit area
of 400 k μm2 , which is quite easily reached with AlO2
tunnel junctions [36], but would be somewhat challenging
for spin-ﬁlter EuS barriers, ranging typically between 10
and 1000 M μm2 [25].
On the other hand, the thermoelectric ﬁgure of merit zT
depends strongly on the detector polarization. We show
this by plotting zT for the parameters indicated above as
a function of the exchange ﬁeld at T = 0.1/kB in Fig. 3.
Because of the presence of the electron-phonon process
acting as an extra heat channel, the ﬁgure of merit does
not exceed unity.
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FIG. 4. Zero-frequency NEP as a function of the exchange
ﬁeld for junctions with diﬀerent polarizations P at temperature
T = 0.1/kB , with GT = 5 × 10−4 e2 3 and = 10−3 .
For the parameters
considered in this paper, GT 3 /e2 ≈
√
10−18 W/ Hz.

The most interesting characteristic of any detector is its
sensitivity, in this case the NEP. We plot this as a function
of exchange ﬁeld in Fig. 4 and as a functionof temperature in Fig. 5. The NEP is normalized to G√T 3 /e2 ,
which corresponds to approximately 10−18 W/ Hz for
the parameters chosen. The dashed line in Fig. 5 indicates the NEPbolometer = 4Gq-ph T2 obtained for a TES with
the same absorber volume at the corresponding temperature, with its heat conductance limited by electron-phonon
coupling (i.e., a hot-electron TES [37]). In Fig. 4 that
reference value is exactly unity for the parameters chosen. As the TES operates in the dissipative regime at the
transition, the normal-state value for Gq-ph must be used.
Moreover, this estimate disregards the bias-induced heating, which sets the operating temperature higher than the
bath temperature, and extra noise sources often found in
TES realizations. We ﬁnd that a SFTED can reach similar
or better values than such a TES even with quite modest
values of the junction polarization at low temperatures.
Note that these results depend a bit on the precise value
of the junction conductance—with a higher conductance,
NEP at higher temperatures would be lower (see Fig. 2),
and vice versa.
In practice, the most-sensitive TES bolometers to date
have been fabricated from suspended structures where the
thermal conductance to the bath is limited by phonon trans√
port, achieving NEP on the order of 1 × 10−19 W/ Hz
[38,39] at Tc of around 100 mK. On the basis of Fig. 5, the
SFTED is also predicted to reach a lower NEP than that.
For completeness, we
√ show the behavior of the thermal
time constant τ ∗ = τT 1 + zT as a function of temperature in Fig. 6. It is given in the units of τ0 = νF e2 /GT .

FIG. 5. Zero-frequency NEP as a function of the temperature for junctions with diﬀerent polarizations P with exchange
ﬁeld h = 0.2, with GT = 5 × 10−4 e2 3 and = 10−3 .
For the parameters
considered in this paper, GT 3 /e2 ≈
√
−18
W/ Hz.
10
√ The dashed line shows the thermal-ﬂuctuationnoise NEP = 20 T6 for a TES of the same volume.

For νF = 1047 J−1 m−3 ,  = 10−19 m3 , and G−1
T = 2 M,
τ0 ≈ 0.1 ms. At low temperatures, the tunnel junction
dominates the heat conductance, and τ ∗ ≈ τ0 . In this case
zT is also appreciable, and slightly modiﬁes τ ∗ . On the
other hand, at high temperatures electron-phonon heat conduction takes over, and the detector becomes faster. To
illustrate this crossover, we show the time constant for two
diﬀerent values of GT .
The above results are obtained by disregarding spin
relaxation. Aluminum is a light material, and therefore the
spin-orbit scattering in it is typically quite weak, and the
spin relaxation is dominated by spin-ﬂip scattering. The
typical spin relaxation times τsr in Al are on the order
of 100 ps [40], and therefore /(τsr ) ∼ 0.03, and the
model disregarding spin relaxation is more or less justiﬁed. However, spin-ﬂip scattering in the presence of
exchange ﬁeld yields a nonzero DOS inside the superconducting gap, and eventually leads to pair breaking [22].
Above, such eﬀects are taken into account with the parameter . For heavier materials, such as Nb, spin relaxation
is caused by spin-orbit scattering, and the thermoelectric
eﬀects become weaker. Therefore, use of such heavier
materials, for example, to increase the operation temperature of the thermoelectric detector beyond the critical
temperature of Al, would require further analysis of the
eﬀects of spin relaxation.
A. Contribution of amplifier noise
In the preceding analysis we disregard the noise due
to the voltage or current measurement. We can include it
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FIG. 6. Temperature dependence of the detector time constant
τ ∗ determining the (angular) frequency bandwidth 1/τ ∗ where
the NEP is low. We chose h = 0.2. The solid lines are calculated with GT = 5 × 10−4 e2 3 , whereas the dashed lines
correspond to 10 times larger conductance. For the former, τ0 ≈
0.1 ms, and for the latter, τ0 = 0.01 ms.

by assuming an added voltage-noise spectral density SVA
or current-noise spectral density SIA for the ampliﬁer used
for voltage or current measurement. In the case of voltage
measurements, the ampliﬁer adds to NEP the contribution
(for ω = 0, for simplicity)
2
Pne,A,V
=

SVA GTGtot
th
,
zT(1 + zT)

(15)

whereas in the case of current measurement the contribution is
S A (1 + zT)Gtot
th T
2
Pne,A,I
= I
.
(16)
GzT
We can hence see that the relative contribution from the
voltage ampliﬁer to the overall NEP decreases as the
thermoelectric junction resistance increases. On the other
hand, in the case of current measurement, the ampliﬁer
contribution becomes independent of the junction resistance when Gtot
th is dominated by the junction heat conductance. Another way to estimate the contribution of
ampliﬁer noise is by dividing the corresponding NEPs by
the total thermoelectric NEP from Eq. (8) (at ω = 0). We
hence get
rV ≡

rI ≡

2
Pne,A,V
2
Pne

2
Pne
A ,I
2
Pne

=

SVA
G
,
4kB T (1 + zT)

(17a)

=

SIA (1 + zT)
.
4kB T
G

(17b)

A typical good voltage preampliﬁer for low-frequency
measurements
has
√ a voltage noise on the order
√ of
√
SV = 1.5
nV/
Hz
at
room
temperature
and
SV =
√
0.3 nV/ Hz at cryogenic temperatures [41]. Together
with the normal-state tunnel conductance used above, and
the  for Al, the latter value yields the relative NEP for
voltage measurements as rV ≈ G/(GT kB T)(1 + zT)−1 .
This is much below unity in the entire relevant temperature
range (kB T  ) due to the exponential suppression of G.
On the other hand, a√very good current
√ ampliﬁer can have
an added noise of SI = 0.5 fA/ Hz. With that value
we get rI ≈ 10−4 /(kB T) × (1 + zT)GT /G. This exceeds
unity below kB T ≈ 0.1 (the precise value depends on
the exchange ﬁeld chosen), and the current measurement
accuracy starts limiting the thermoelectric detector NEP
for T  0.1/kB . This diﬀerence between the two types
of measurements originates from the fact that the thermoelectric voltage can be on the order of the temperature
diﬀerence itself due to the thermopower on the order of
kB /e, whereas the thermoelectric current is exponentially
suppressed [19] and hence harder to measure. However,
ultimately at very low temperatures the voltage measurement also becomes harder as it requires the voltmeter
impedance to far exceed that of the junction, and this
condition becomes harder to meet at low temperatures.
Typical absolute-thermometer-based radiation detectors
operating at the bath temperature (i.e., in contrast to, for
example, a TES, where the bias sets the operating point
above bath temperature) suﬀer from chip temperature ﬂuctuations due to ﬂuctuations in the cooling power. However,
a thermoelectric detector measures a temperature diﬀerence T instead of the absolute temperature. Because the
chip temperature ﬂuctuations aﬀect both the temperature of
the absorber and that of the measurement electrode, they do
not aﬀect T (to the lowest order). This is an added beneﬁt
for TEDs in comparison with detectors based on resistance
or inductance measurements.
IV. CONCLUSIONS
Thermoelectric radiation detection is not a new concept
[15]. However, most of the previously studied thermoelectric detectors have relied on using semiconducting
thermoelectric materials, operating at and above room
temperature TRT . Because the spurious heat-conduction
processes have heat conductance that scales at least as
approximately T3 (typical phonon heat conductivity [34]),
the corresponding NEP is (TRT /T)5/2 ∼ 1015/2 times larger
than that considered here (this estimate assumes the Debye
temperature exceeds room temperature, but it should in
any case be taken as indicative). On the other hand,
quantum-dot structures may exhibit strong thermoelectric
eﬀects even at low temperatures [42]. In contrast to the
superconductor-ferromagnet structure considered here, in
those devices the thermoelectric eﬀects are single-channel
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APPENDIX: ELECTRON-PHONON HEAT
CONDUCTANCE
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FIG. 7. One possible scheme for frequency-domain multiplexing of the thermoelectric detectors. Here a broadband electromagnetic wave, or a frequency comb, is divided into diﬀerent
frequency components via narrow-band-pass ﬁlters (BPFs), and
directed through ﬁeld-eﬀect transistors whose conductance is
modulated by the voltage from the detectors. As a result, the
output spectrum contains pixel-speciﬁc information about the
absorbed radiation power.

phenomena, and therefore it may be diﬃcult to make the
electronic thermal conduction dominate over the spurious
heat-conduction channels.
In this paper, we show how a combination of superconducting and magnetic materials can be used to construct a
low-temperature radiation detector relying on the thermoelectric eﬀect and thereby not requiring extra bias power to
be applied to the device. The proposed device thus diﬀers
qualitatively from the other previously known superconducting detectors such as TES and KID. The lack of the
need to have extra bias power leads to simpler designs of
arrays of such detectors, and helps in maintaining the low
operating temperatures required for ultrasensitive operation. In addition, ultrasensitive TES bolometers necessarily
have a very low tolerance for excess power loading, as the
device can be saturated and pushed out of the transition
region with it. For the detectors discussed here, there is
no such abrupt eﬀect, although excess power could lead
to performance degradation due to overheating. Nevertheless, because of the lack of the bias lines, novel multiplexing strategies may need to be designed. We present
one possible scheme in Fig. 7. There the output looks
quite similar to that of frequency-multiplexed TES or KID
read-out schemes, but the possible heating eﬀects in the
(dissipative) ﬁeld-eﬀect transistors can be engineered far
apart from the pixels absorbing the radiation. Nevertheless,
the optimal multiplexing strategies are a topic for further
research.

We calculate the electron-phonon heat conductance
coeﬃcient Ge-ph beginning from Eq. (12). We ﬁrst extract
the temperature-dependent prefactor by scaling all the
quantities with dimensions of energy by temperature; for
example, Ẽ = E/kB T. The scaled quantities are dimensionless and are denoted with a tilde over the variable. We then
change the integration variables to x = Ẽ and y = Ẽ + ω̃.
We obtain
Iσ
T4
Ge-ph =
,
(A1)
96ζ (5) σ =± 4
where

σ
dxdysgn[(x + σ h̃)(y + σ h̃)]
I =
˜2
x|x − y|3 (x + σ h̃)(y + σ h̃) − 
4e−(|x|+|y|)/2
×
x−y .
sinh
2
2
2
2
˜
˜
2
([x + σ h̃] −  )([y + σ h̃] −  )
(A2)
Above, both x and y are integrated from −∞ to +∞,
˜ − σ h̃, 
˜ − σ h̃], in which the
excluding the region [−
spin-split DOS vanishes. We also assume that  − h 
kB T so that we can make an approximation
cosh x ≈

˜ − h̃,
x>

(A3)

and similarly for cosh y.
The integral is divided into four separate quadrants by
the gaps in the DOS. The integral over the quadrant n for
the spin σ is Inσ . Because the integrand of Eq. (A2) is symmetric with respect to simultaneous inversion of x, y, and
σ , the contributions from the opposing quadrants are equal:
1
I=
4
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e|x|
,
2

4

Inσ =
n=1 σ =±

 σ

1
I + I2σ .
2 σ =± 1

(A4)

We calculate the integral over the ﬁrst quadrant. This part
of the integral represents scattering processes, for which
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x, y > 0. Physically, this means that, the interacting quasiparticles are both particlelike. By shifting the integration
limits, we get
I1σ =





∞

dx

˜
−σ
h̃



∞
˜
−σ
h̃

dy

=

˜
x|x − y| (x + σ h)(y + σ h) − 
8
×
x
y
˜ 2 ][(y + σ h)2 − 
˜ 2] e − e
[(x + σ h)2 − 
 ∞  ∞
=
dx
dy
×

Above, we have h̃ dependence in two places: in the exponential outside the integral and as a linear term in the
numerator. However, the parts of the numerator that are
symmetric with respect to exchange x ↔ y do not contribute to the integral. Therefore, we can write the integral
as
˜
−+σ
h̃





∞

=e

0

(A9)

σ

Within the approximation given by Eq. (A3), the exchange
ﬁeld does not modify the contribution from the recombination processes.
The function f2 is deﬁned as
˜ =
f2 ()





∞

dx
0

dy
0

∞

dy
0

˜
f1 (),

˜
× 8e−x−y (x + ).

(A6)

˜ is a monotonically increasing function with
where f1 ()
˜ ≈ 438. We can pervalues f (2) ≈ 326 and lim→∞
f1 ()
˜
˜
˜n
form a Taylor expansion f1 () = ∞
n=0 Cn / by ﬁrst
−1
˜ and then inteexpanding the integrand into series in 
grating separately for each term. The ﬁrst few coeﬃcients
are C0 ≈ 440, C1 ≈ −500, C2 ≈ 1400, and C3 ≈ −4700.
Doing the sum over the spins, we ﬁnd the contribution
from the ﬁrst quadrant:
˜

˜
I1σ = 2 cosh h̃e− f1 ().

I1 =

˜ 5 e−2˜ f2 ().
˜
I2σ = 2π 

I2 =

˜ 3 xy + (x + y)
˜ + 2
˜2
(x + y+2)

×
˜ 5 xy(2
˜ + x)(2
˜ + y)
π

˜
8x2 |x − y|3 (y + )

˜
˜
(ex − ey ) xy(x + 2)(y
+ 2)

˜
−+σ
h̃

(A8)

where we approximate e2+x+y − 1 ≈ e2+x+y . Above,
the exchange ﬁeld σ h̃ appears only as a linear term. If we
sum over the two spin directions, terms odd in σ cancel
and we can write I2 in the form

∞

dx
0

×

dx

˜ 3 xy + (x + y)
˜ + 2
˜2
(x + y + 2)

dy
˜ + x)(2
˜ + y)
xy(2

˜ + σ h̃)e−x−y e−2˜ ,
× 8(x + 

˜ − σ h̃)|x − y|3 xy + (x + y)
˜
(x + 
˜

8e−+σ h̃ .
˜
˜
(ex − ey ) xy(x + 2)(y
+ 2)
(A5)

=e

∞

2

0

I1σ



∞

0

3

0

˜2
x(x − y)3 (x + σ h)(y + σ h) − 
×
˜ 2 ][(y + σ h)2 − 
˜ 2]
[(x + σ h)2 − 

(A7)

(A10)

The function f2 is a monotonically decreasing func˜ = 64.
tion with values f2 (4) ≈ 123 and lim→∞
f2 ()
˜
n
˜ = ∞
˜
B
/

is
obtained
by ﬁrst
An expansion f2 ()
n=0 n
˜
expanding the integrand asymptotically at  = ∞ and
then calculating the integral term by term. The ﬁrst
few coeﬃcients are B0 = 64, B1 = 144, B2 = 258, and
B3 = 693/2.
By combining Eqs. (A1), (A4), (A7), and (A9), we
ﬁnd the electron-phonon heat conductance for a spin-split
˜ 
superconductor: Eq. (14). At low temperatures, when 
1, scattering processes dominate the heat conductance. The
two processes become of the same order of magnitude
when kB T ≈ 0.1. At high temperatures, recombination
processes dominate.

σ =±

The second quadrant describes the contribution from the
recombination processes, for which one quasiparticle is
holelike (x < 0) and the other is particlelike (y > 0):
I2σ


=−



˜
−−σ
h̃

dx
−∞

∞

˜
−σ
h̃

dy

8ex
ex − ey
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