
Vol.:(0123456789)

Journal of Low Temperature Physics
https://doi.org/10.1007/s10909-024-03207-w

Precise Calorimetry of Small Metal Samples Using Noise 
Thermometry

Jan Knapp1,2 · Lev V. Levitin1 · Ján Nyéki1 · Manuel Brando3 · John Saunders1

Received: 20 June 2024 / Accepted: 21 August 2024 
© The Author(s) 2024

Abstract
We describe a compact calorimeter that opens ultra-low-temperature heat capacity 
studies of small metal crystals in moderate magnetic fields. The performance is dem-
onstrated on the canonical heavy fermion metal YbRh

2
Si

2
 . Thermometry is provided 

by a fast current sensing noise thermometer. This single thermometer enables us to 
cover a wide temperature range of interest from 175 µK to 90 mK with temperature-
independent relative precision. Temperatures are tied to the international tempera-
ture scale with a single-point calibration. A superconducting solenoid surrounding 
the cell provides the sample field for tuning its properties and operates a supercon-
ducting heat switch. Both adiabatic and relaxation calorimetry techniques, as well 
as magnetic field sweeps, are employed. The design of the calorimeter results in an 
addendum heat capacity which is negligible for the study reported. The keys to sam-
ple and thermometer thermalisation are the lack of dissipation in the temperature 
measurement and the steps taken to reduce the parasitic heat leak into the cell to the 
tens of fW level.
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1 � Introduction and Overview

Measurements of thermodynamic quantities are key to understanding order and 
excitations in quantum materials. For the measurement of heat capacity by the 
adiabatic method, the sample needs to be thermally separated from its environ-
ment, which poses technical challenges. Numerous designs of calorimeters have 
been developed for the temperature range 0.01–1 K, dealing with adiabatic iso-
lation in a variety of ways [1–6], and references therein. Surprisingly, ultra-low 
temperatures can simplify this issue because heat capacities and conductivities of 
structural materials can become vanishingly small. However, complications in the 
choice of thermometry and the need to limit parasitic heat leaks into the experi-
mental setup make heat capacity studies below 1  mK relatively scarce. Heat 
capacity measurements performed at ultra-low temperatures by the group in Bay-
reuth helped to resolve the interplay of (nuclear) magnetism and superconductiv-
ity in materials such as pure aluminium [7] and indium [8] as well as the AuIn2 
alloy [7, 9]. They achieved extremely low temperatures, often using the sample 
itself as the refrigerant. However, such samples can be relatively large.

By contrast, quantum materials such as heavy fermion metals are often only 
available in the form of small single crystals. Our calorimeter demonstrated 
outstanding performance with a state of the art 22  mg single-crystal sample of 
YbRh2Si2 [10, 11]; however, we argue that its simple design can be used for a 
wide range of materials. Using pure and well-characterised construction materi-
als, with state-of-the-art thermometry and shielding, we succeeded in measuring 
the heat capacity with unprecedented precision and accuracy over the temperature 
range 175  µK–90  mK [12]. The calorimeter is currently installed on a copper 
nuclear demagnetisation stage precooled by a wet dilution refrigerator.

The design of the calorimeter is illustrated in Fig.  1, as a combination of a 
microscope photograph and a schematic of the wiring. All essential components 
in the cell are made and connected with the sample by small pieces of wire much 
smaller than the sample itself. This was done by using well-established techniques 
of spot-welding and ultrasonic wire bonding. Such a compact design ensures 
the addendum heat capacity, which is the heat capacity of everything inside the 
cell apart from the sample, is negligible, as demonstrated in Fig. 2. This typical 
addendum serves as a reference for the selection of potential quantum material 
samples that might be studied with our technique.

Current sensing noise thermometry (CSNT) [14–17] was used over the full 
temperature range. Here, it was implemented as a local probe on a small sam-
ple for calorimetry for the first time, with the sensor resistance selected for fast 
measurement time. The requirements are more stringent than in our recent use of 
noise thermometry to measure the heat capacity of a PrNi5 nuclear demagnetisa-
tion stage [18]. The noise thermometer and a heater are both made out of Pt92W8 
(for simplicity PtW) ribbon, an alloy with negligible temperature dependence of 
resistivity, low magnetoresistance, and small heat capacity [19, 20]. The ribbon 
was produced by flattening ø50 µm PtW wire. The noise thermometer is located 
on the opposite side of the sample to the heater and an aluminium heat switch, 
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Fig. 1   Design of the calorimetry cell. The key interior components are illustrated with a photograph, the 
rest of the setup is shown schematically. A sample (here a single crystal of YbRh

2
Si

2
 ) is thermalised 

to the copper base of the cell via an ultrasonically bonded aluminium heat switch. The copper base is 
cooled by the nuclear stage (NS) of an adiabatic demagnetisation refrigerator. Heater and noise ther-
mometer (NT), made out of PtW ribbons, are connected to the sample via spot-welded gold wires, the 
electrical connections are made with spot-welded niobium wires. The sample, heater, and NT are glued 
to an alumina (sintered Al

2
O

3
 ) board with GE varnish. The cell is radio-frequency (RF) tight with silver 

epoxy low-pass filters interrupting all electrical lines. The heater is driven by a pulse generator via a cold 
ballast resistor, with the heat switch and cryostat ground forming part of the current path. Additional 
electrical connections enable in situ measurement of the heater resistance. The cell is situated inside a 
compact superconducting solenoid, that provides the sample field B

ext
 and controls the heat switch

Fig. 2   Measured heat capacity of YbRh
2
Si

2
 vs. an estimate of the addendum heat capacity of the empty 

cell from the known amount of Au (6 mm of ø25 µm) and PtW (3.5 mm of ø50 µm) wires used, demon-
strating that the addendum is negligible. The lines consist of a linear in T electronic and a Schottky T−2 
nuclear heat capacity. Purple diamonds represent the heat capacity of a similar Au wire bonded to Au 
pads evaporated on silicon measured in zero magnetic field [13]. This relatively large value is attributed 
to the nuclear quadrupolar moments in crystallographically imperfect gold. All other structural materi-
als of the cell either have a vanishingly small heat capacity, or the heat capacity is separated by a large 
enough thermal resistance, e.g. the nuclear heat capacity of aluminium inside Al

2
O

3
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helping to ensure that it accurately captures the temperature of the sample. In 
the following, we describe the essential components in more detail and report on 
their performance.

2 � Heat Switch

To approach nearly perfect adiabatic isolation, the sample rests on a board made out 
of a good insulator, sintered Al2O3 (alumina). The 0.5-mm-thick board is fixed to 
the copper or silver base and extends 18 mm into free space. The base is well ther-
malised to our microkelvin cryostat via a cone joint. The sample is precooled via a 
superconducting heat switch. We have successfully used aluminium and lead.

2.1 � Aluminium Heat Switch

The sample is connected to the copper base by an ultrasonically bonded ø50  µm 
aluminium wire. The heat switch operates at the critical field of aluminium 
�0Hc = 10  mT and enables measurements of heat capacity by adiabatic methods, 
described in Sects. 5 and 7, in fields up to Hc . At higher fields, the heat capacity can 
be measured by the relaxation method (see Sect. 6), albeit over a limited temperature 
range. Figure 3 illustrates the regimes of temperature and magnetic field, where dif-
ferent methods apply to the combination of our YbRh2Si2 sample, aluminium heat 
switch, and fast noise thermometer with typical sampling period of 50 s.

The normal state electrical resistance of the aluminium heat switch was measured 
to be 1.5 mΩ at 4 K, dominated by the wire bond of Al to YbRh2Si2 , as the resistance 
of the wire itself is estimated to be 0.2 mΩ . In comparison, the state-of-the-art Cu-
Au-Al-Au-Cu heat switches achieve n Ω level [21]. This imperfection, that we attrib-
ute to oxidation or general unfitness of the wire bonding to the combination of Al 

Fig. 3   Temperature—applied magnetic field map of the pulsed calorimetry methods used with the alu-
minium heat switch
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and YbRh2Si2 , was favourable to our measurements: The heat switch simultaneously 
provided fast precooling of the sample (e.g. in 12 mT, the sample cooled from 10 to 
0.4 mK in 6 h) and allowed relaxation measurements over a relatively broad temper-
ature range. The normal state thermal conductivity of the heat switch, inferred from 
the time constants of thermal relaxation (e.g. Fig. 9) and measured heat capacity, is 
consistent with Wiedemann–Franz law for the m Ω electrical resistance.

The combination of the alumina board and aluminium heat switch in the super-
conducting state results in excellent adiabatic isolation. Below 10  mK, an upper 
bound on the parasitic thermal conductance of 100  fW/K was inferred from the 
undetectable change in the measured heat leak to the isolated sample sitting at a 
few hundred µK, when the nuclear stage temperature is deliberately raised from 1 to 
10 mK. By 90 mK, this thermal conductance increases by four orders of magnitude, 
leading to pseudo-adiabatic heat capacity measurements, see Sect. 5. No heat release 
was detected when opening the heat switch, enabling adiabatic heat capacity meas-
urements below 200 µK.

2.2 � Lead Heat Switch

In order to extend the magnetic field range over which adiabatic methods can be 
employed, a second generation cell was constructed with a lead heat switch. Lead is 
also a type I superconductor with a larger critical field �0Hc = 80 mT. However, due 
to softness of lead, it is difficult to obtain fine wires or use ultrasonic bonding. The 
sample was moved from the copper base, shown in Fig. 1, to an identical base made 
out of pure silver, Fig. 4. Lead is relatively easy to join with silver because the phase 
diagram of their mixtures features an eutectic point at 304◦ C and 95.5% atomic per-
centage of lead [22]. The eutectic character of the emerging Pb-Ag alloy ensures a 
clear transition from the superconductor to highly conducting normal metal across 
the joint. We created a “bead” of pure lead on the silver cell base by melting it with 
a clean soldering iron on the surface of the base. A ø50 µm pure silver wire was 
spot-welded to the YbRh2Si2 sample and to the lead, making the construction of the 
heat switch relatively easy.

The normal state resistance of the lead switch is less than 1  mΩ and was not 
determined precisely. The associated thermal conductance is higher than that of the 
aluminium switch, resulting in fast precools into the µK regime. These may have 
been further facilitated by the reduced nuclear magnetic heat capacity of the silver 

Fig. 4   The calorimetry cell with 
the lead heat switch. The lead 
“bead” is visible in the bottom 
left corner, with the intercon-
necting silver wire spot-welded 
to the “bead” and the sample
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base in comparison with copper [1]. All measurements with the lead heat switch 
were taken with the switch open, in superconducting state.

The ratio of normal and superconducting thermal conductivity, the switching 
ratio, depends on the Debye temperature � of the material to the second power [1]. 
Aluminium is, therefore, a highly favourable material for the construction of heat 
switches, because �Al = 428 K, while �Pb = 105 K, making the expected switching 
ratio of an identical lead heat switch approximately 8 times smaller than alumin-
ium. We note that this is despite the much greater critical temperature of lead com-
pared to aluminium. The lead switch leaked visibly at temperatures as low as 4 mK, 
and the measurement method evolved from (pseudo-)adiabatic to relaxation across 
4–90 mK range.

Unlike aluminium, the opening of the lead heat switch at the lowest temperature 
was always associated with a heat release, of the order of 10 nJ. Consequently, the 
starting temperature of the measurements was typically 500  µK, even though the 
sample had been cooled down to 300 µK prior to opening the heat switch. This heat 
release is much greater than the expected latent heat of the normal to superconducting 
transition of a type I superconductor L(T) = −2�0H

2
c
(T = 0)(T∕Tc)

2
[

1 − (T∕Tc)
2
]

V , 
where Hc , Tc , and V are the critical field, critical temperature, and volume of the 
superconductor, respectively [23]. The latent heat calculated for the construction of 
our lead heat switch is in the fJ range, indicating some other source of heat release, 
such as the dissipation when magnetic flux is expelled from the sample, since the 
lead bead has a rather bulky and irregular shape compared to the aluminium wire.

3 � Noise Thermometer

Our calorimeter is distinguished by the use of current sensing noise thermometry 
(CSNT). The CSNT can be made exceptionally small, since the sensor itself is just 
a snippet of normal conductor. In our case, a section of PtW ribbon with a relatively 
large resistance R = 203mΩ was selected. This results in a large bandwidth over 
which the noise is measured, enabling fast temperature acquisition [14–17]. This 
noise thermometer typically measures with a 1% relative precision in about 50  s, 
independent of temperature, with the relative precision scaling as inverse square root 
of measuring time.

The thermal conductivity of the ribbon can be estimated using the Wiede-
mann–Franz law. Such a large sensor resistance severely limits the parasitic heat 
leak to the thermometer that can be tolerated, to around 2 fW in order to ensure ther-
mal equilibrium within 10% at 200 µK. This is achievable with appropriate filtering 
[13]. The CSNT method is essentially non-dissipative, requiring no external excita-
tion. A white noise voltage arises from thermal agitation of charge carriers [24, 25]. 
The sample is connected to the input coil of a superconducting quantum interference 
device (SQUID) via a superconducting flux transformer. A two-stage SQUID sensor 
[26, 27] is used, operating as a sensitive current amplifier. It is located remotely from 
the calorimeter, mounted on the still plate of the dilution refrigerator. This technique 
is in principle a primary thermometer [15, 28], capable of yielding true thermody-
namic temperature if all electrical parameters are known. More conveniently, the 
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thermometer can be calibrated with high accuracy at a single temperature, since the 
temperature dependence of the noise voltage derives from a fundamental physical 
law. It is advantageous that the calibration point can be chosen at any temperature 
in the range of operation of the noise thermometer. On our cryostat, a calibrated 
germanium resistance thermometer, compared to a 3 He melting curve thermome-
ter, was used to provide the calibration point for the cell CSNT at 200 mK, where 
the calorimetry cell was in thermal equilibrium with both the nuclear stage and the 
mixing chamber. This ties the measurement to the international temperature scale 
[28–30].

For measurements of heat capacity, fast temperature readings are essential. This 
is achieved by measuring the current fluctuations over a large bandwidth. The band-
width R∕Li of a CSNT is given by the resistance R of the sensor and the SQUID 
input coil inductance Li = 1.6µH, emphasising the need for a high resistance sensor. 
The thermometer bandwidth is typically still smaller than the full acquisition band-
width capability of the SQUID amplifier. In our case, 217 points are recorded with 
1 MHz sampling frequency using a digital oscilloscope from National Instruments 
[31]. The recorded signal is Fourier transformed, and the power spectral density 
averaged 200 times. The flux noise power spectrum is

where Mi = 7.1 nH is the mutual inductance of the input coil and the first stage of 
the SQUID sensor, and S0

Φ
 is the noise contribution to the measurement from the 

SQUID itself, which we consider to be white. The comparison of the white noise 
produced by the sensor and the SQUID determines the noise temperature of the 
setup, which is 13 µK in our case, well below the lowest temperature ever measured.

Figure 5 shows examples of current sensing noise thermometer spectra taken at 
198 µK and 201 mK in zero magnetic field, accompanied by a spectrum taken at 
336 μ K in 70 mT. Whereas the 201 mK spectrum is almost completely free from 
spurious noise and can fitted by Eq. 1 after removing a single peak at 4 kHz, the 
spectra at ultra-low temperature, and especially in a magnetic field, are polluted by 
vibrational noise peaks to a much greater extent. These peaks are easily removed by 
an iterative discrimination procedure and do not significantly influence the measure-
ment accuracy [14]. At the lowest temperatures, the white noise S0

Φ
 and a 1/f noise 

contributions of the SQUID become more significant. The SQUID white noise is 
determined from the highest frequency part of the spectrum. It is left as free param-
eter in the fits, since it can vary with the temperature of the SQUID itself, which is 
about 0.6 K, the temperature of the still plate of our dilution refrigerator. The 1/f 
noise has less influence in a large bandwidth noise thermometer, as the part of the 
spectrum below 1 kHz is simply not used, as shown in Fig. 5. The maximum esti-
mated uncertainty in T after accounting for these last two contributions occurs at the 
lowest temperature and is less than 5%.

The resistive element of a CSNT can be made out of any normal metal, but the 
PtW alloy is advantageous in terms of resistivity and its negligible temperature 
dependence, low magnetoresistance, small heat capacity [19, 20], and general 

(1)S
Φ
= 4kBTR

M2
i

R2 + L2
i
�2

+ S0
Φ
,
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metallurgical properties. The PtW ribbon is spot-welded at both ends to ø50 μ m 
Nb wires that act as thermal breaks. The phase diagram of Pt and Nb features a 
rich number of alloys with very high melting points [32]; we find that their spot-
welds tend to be very stable and reliable both mechanically and resistively. The 
noise thermometer is thermalised to the sample by a gold ø25 µm wire, which is 

Fig. 5   Noise thermometer spectra taken at three different temperatures and two applied fields. Points 
from the frequency range 1–300 kHz (blue) are fitted with Eq. 1, with T and S0

Φ
 as the fitting parameters. 

Grey points were discarded by an iterative discrimination procedure [14]. In addition to the fitted terms, 
the 1/f contribution to the SQUID noise is apparent at low temperatures and frequencies
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spot-welded to the middle of the PtW ribbon, and on the other end to the sample. 
These spot-welds were also observed to be very reliable, despite a low solubility 
of Au and Pt [33]. Most importantly, they are not highly resistive, or supercon-
ducting, and do not deteriorate with time.

4 � Heater

The ohmic heater with 0.9 Ω resistance is also made out of the PtW ribbon. The 
current enters via a spot-welded Nb wire serving as the I

+
 lead. On the other end 

of the ribbon, a spot-welded gold wire interconnects the heater with the sample. 
The current flows through the relatively bulky sample, of negligible resistance, 
and into the cold cryostat ground ( I

−
 ) via the heat switch. The heating pulse is 

produced by a voltage or current source at room temperature, connected between 
the I

+
 current lead and the room temperature body of the cryostat, with a cold 

100  kΩ ballast resistor located on the current line at 0.6  K protecting the cell 
from thermoelectric and other parasitic voltage sources. Additional electrical 
connections to the heater enable in situ measurement of the heater resistance.

Figure 1 shows that the cell is located inside of a continuous metal enclosure, 
formed by the copper body of the experimental platform and a silver epoxy fil-
ter and seal, developed originally to cool down two-dimensional electron gas to 
ultra-low temperatures [13]. The noise thermometer and heater ( I

+
∕V

+
 and V

−
 ) 

leads were individually twisted and fully submerged into the silver epoxy [34] 
over a length of 82 cm. In our 4 K tests, such silver epoxy low-pass filters were 
found to have a cut-off frequency of about 100 MHz. The heater wiring has an 
additional low-pass filter installed at the mixing chamber. Inside the rf-shielded 
box of the filter, the I

+
 and V

+
 coaxial cables from room temperature were con-

nected to the single ongoing I
+
∕V

+
 lead, entering the cell. Together with the V

−
 

lead, these three lines were each interrupted by 1  kΩ + 10  nF T-filters. These 
filters, with approximately 15 kHz cut-off frequency, further protected the heater 
from external interference.

To apply heat, we used an arbitrary waveform generator from National Instru-
ments [35] or a Keithley 2400 SMU [36]. The former is most suited for produc-
ing short pulses, while the latter for producing constant heating current. Extract-
ing the heat capacity from heater pulses is the most common calorimetry method 
and can be done in the state of adiabatic isolation, as well as in the relaxation 
regime; an example of the pulse measurement in the former regime, at the low-
est achieved temperature of 175 µK, is shown in Fig. 6, while typical relaxation 
from pulses, done in 60 mT, is shown in Fig. 9. The continuous warm-up method, 
demonstrated in Fig.  10, is a useful complement to the standard pulse method, 
especially in the vicinity of phase transitions. Finally, magneto-caloric sweeps, 
which are done without use of the heater, are introduced as another useful tool 
for characterising phase transitions and magnetic phases in Fig. 11. In subsequent 
sections, we describe the results of these methods in more detail.
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5 � Adiabatic Pulse Method

Applying a pulse of energy Q and observing the temperature increase ΔT = Th − Tl 
from Tl to Th as a result of the pulse, the heat capacity of the sample at mean tem-
perature T = (Th + Tl)∕2 is

The size of the pulse ΔT∕T  must be optimised based on technical performance of 
the cell. As shown in Fig. 6, the temperature drifts in-between pulses result from the 
parasitic heating q̇ to the sample. The longer the temperature drift is observed for, 
the more precise is the determination of Tl and Th . The uncertainty in Tl,h scales with 
the number of temperature readings in the drift N as 1∕

√

N . However, recording the 
drifts for a long time is not advantageous if the heat capacity is strongly temperature 
dependent, as in the vicinity of a phase transition. Thus, it is essential to achieve a 
small parasitic heat leak into the calorimeter and a sufficiently high precision of the 
temperature, determined in a suitable measurement time (constrained by the temper-
ature drift rate). Here, these challenges are met by the large bandwidth noise ther-
mometer, which achieves a 1% precision in only 50 s, and the state-of-the-art shield-
ing of the cell, and filtering of the incoming leads, which reduces the parasitic heat 
leak to 30 fW, inferred from linear fits to the temperature drifts between individual 
pulses and the heat capacity determined from the pulses (see Fig. 6.)

We believe that this heat leak is mostly deposited into the sample, since in a 
similar environment, the heat leak to the noise thermometer alone was found to be 
0.1 fW [13]. Thanks to these technical achievements, it is possible to probe the sam-
ple with very small pulses, typically of the order of ΔT∕T ≈ 1% , but also much less 
( ΔT∕T ≈ 0.1% ) where the heat capacity is large. This allowed precise investigation 
of the low-temperature phase transition TA in YbRh2Si2 [12, 37–39] in the present 
application.

(2)C =
Q

ΔT
.

Fig. 6   Typical heat pulses and temperature drifts at the lowest achieved temperature of 175 µK. Pulses 
(in red) of the order of 45 pJ were applied every 40 min, resulting in units of percent increase in tempera-
ture, while the drifts in between them accurately determine the parasitic heat leak q̇i
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The parasitic heat leak is found to decay over time following the cool down 
of the cryostat from room temperature, Fig. 7. We attribute this to heat release 
of unknown origin in the sample itself or nearby components. Nonetheless, the 
residual parasitic heat leak observed after about 8 weeks following the initial 
cooldown is very low. Without application of external heat, the small sample 
would remain below 1 mK for 20 days, when initially cooled down to the lowest 
temperature of 175 µK, and it would take it additional 23 days to warm up above 
the TA transition.

The adiabatic technique was also shown to work well at typical dilution refrigera-
tor temperatures. An example at 80 mK is shown in Fig. 8. The relaxation after the 
pulse arises from the thermal conductivity of the superconducting heat switch and 

Fig. 7   Time dependence of the heat leak into the YbRh
2
Si

2
 calorimetry cell after the initial cool down 

of the cryostat. The measurements were performed in zero magnetic field at temperatures around 1 mK. 
This measurement reveals an intrinsic time-dependent heat release, vanishing exponentially, and a resid-
ual heat leak of about 30 fW

Fig. 8   Typical heat pulses and temperature drifts towards the upper end of the temperature range of the 
adiabatic method where the heat switch or alumina board starts to leak. In this example, the sample mag-
net is in 0 mT, and the temperature of the cryostat (black circles) is stabilised
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the alumina board, so we refer to this method as pseudo-adiabatic. Such measure-
ments were possible up to 10 mT for the aluminium switch and up to 65 mT for the 
lead switch above which it leaked significantly.

Fig. 9   Example of the relaxation method in 60 mT. The sample temperature (blue circles) shows relaxa-
tion from pulses, while the cryostat (black circles) is warming at the background. The cryostat’s drifts 
between pulses are approximated by yellow lines. Internal time constants of the sample appear to be very 
small, the sample temperature rises to the full amplitude within two temperature readings, i.e. 100 s. The 
relaxation after the pulse is fitted by a sum of exponential and linear functions, where the linear part uses 
the cryostat’s drift as a guidance

Fig. 10   Continuous warm-up across the TA low-temperature phase transition in YbRh
2
Si

2
 under three 

different heat loads. The warm-up curves can be collapsed, scaling the time axis by the total heat load 
Q̇ (quoted in the legend), the sum of applied power and the heat leak of 0.08 pW. The inset shows heat 
capacity obtained from the warm-up in Q̇ = 3.29 pW, which manifests the peak at TA in its sharpness and 
accurately agrees with the pulse method results, shown in Fig. 2
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6 � Relaxation Method

The relaxation method was used in fields above 10 mT, when the aluminium heat 
switch was in the normal state, and at high temperatures, where the lead heat switch 
leaked significantly even in the open state. The heat capacity is again inferred from 
Eq.  (2), with the temperature Th obtained by extrapolating the observed relaxation 
back to the moment of the heat pulse, see Fig. 9. To use this method, the tempera-
ture measurement time must be much shorter than the time constant � ≈ C∕k of the 
thermal relaxation of the sample temperature, where C is the sample heat capacity, 
and k is the thermal conductance to the cryostat (dominated by the heat switch).

Following a small pulse, thermal relaxation of the sample to the bath of con-
stant temperature is typically exponential. Taking into account a slow underly-
ing temperature drift of the cryostat temperature, the relaxation was fitted to 
T(t) = a exp(−t∕�) + bt + c . This equation was used to extrapolate temperature both 
before and after the pulse, yielding Tl and Th for Eq. (2).

Furthermore, for the relaxation method to work, the thermal diffusivity across the 
sample and the coupling between various degrees of freedom of the sample must be 
strong, such that the associated time constants of the internal sample thermalisation 
are also short in comparison with � . In metals, the coupling of electrons and nuclei 
is given by the Korringa constant � = �1Te , where �1 is the nuclear spin–lattice 
relaxation time and Te the electronic temperature. In metals with a strong hyperfine 
coupling of nuclei and electrons, as is the case of YbRh2Si2 [40–47], the Korringa 
constant is expected to be short, as established in PrNi5 [1]. The immediate transfer 
of heat to the nuclear system apparent in Figs. 6 and 9 supports this expectation of 
“fast coupling”.

With the aluminium heat switch, it was possible to measure the heat capacity of 
YbRh2Si2 using the relaxation method, in fields above 10 mT, up to about 4 mK. In 
this case, the limitations were the conductance of the heat switch increasing linearly 
with temperature, while the heat capacity of predominantly nuclear origin decreas-
ing approximately as T−1.5 in this temperature range. This causes the thermal time 
constant � to quickly become comparable to the noise thermometer acquisition time, 
which is where the method fails. Clearly, the combination of sample and thermal 
link can be optimised to extend the temperature range where the relaxation method 

Fig. 11   Magneto-caloric 
sweeps in YbRh

2
Si

2
 . Blue- and 

red-coloured arrows indicate 
the direction of the sweeps as 
demagnetisation and magnetisa-
tion, respectively. The vertical 
difference between the sweep 
up and down is proportional to 
the parasitic heat deposited in 
the sample during the sweep. 
The phase transition is clearly 
marked by a change of slope
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can be employed, but this was beyond the scope of the present work. As discussed 
earlier, extending the temperature range of measurements in fields greater than 
10 mT was achieved by implementing the lead heat switch.

7 � Continuous Warm‑Up Method

The continuous warm-up method is extremely useful when studying anomalies and 
phase transitions. When the sample is firmly in the adiabatic regime, the heat capac-
ity is extracted from a warm-up record T(t) under the steady heat load Q̇ as

Here Q̇ is the sum of the power applied to the heater and the parasitic heat leak. The 
density of thus obtained C(T) points increases with decreasing Q̇ , and at very low Q̇ , 
the adjacent T(t) points may need to be averaged to reduce the scatter in �T∕�t.

Here, we probed the low temperature TA transition in YbRh2Si2 in zero field, as 
shown in Fig. 10. Warm-ups were recorded under three different steady powers, and 
the heat leak of 80 fW was found to collapse the datasets. The heat capacity inferred 
according to Eq.  (3) is in perfect agreement with that obtained using heat pulses. 
From the continuous warm-ups, we infer that the TA transition is second order: There 
is no signature of a plateau in the warm-up curve in Fig. 10 that would indicate a 
latent heat.

8 � Field Sweeps

In this section, we describe the use of field sweeps in the detection of a field-induced 
phase transition in YbRh2Si2 , exploiting the magneto-caloric effect. In this context, 
YbRh2Si2 is an example of a hyperfine enhanced nuclear refrigerant; its 4f electronic 
moment grows with the applied magnetic field, resulting in a much stronger field 
on the Yb nucleus, due the hyperfine interaction [12, 48, 49]. Our measurements 
of the moment growth (in the ab-crystallographic plane), combined with the hyper-
fine constant of Yb, 102 T/�B [40–42], determine the amplification ratio of the field 
applied to that felt by the nucleus to be about 150. A magneto-caloric field sweep 
of YbRh2Si2 is shown in Fig. 11. A clear feature in the field-induced temperature 
sweep is observed, marking a phase transition. We observe the magneto-caloric 
effect to be stronger in the primary antiferromagnetic order in YbRh2Si2 [12, 50, 51], 
observed above about 35 mT as T → 0 . However, even in the low field phase, which 
we identified to be a form of a spatially modulated magnetic order [12], the tempera-
ture can be lowered by demagnetisation, as was observed by a faster field sweep. 
This technique has thus proved valuable to map the phase boundary near a quantum 
phase transition driven by magnetic field, where the critical temperature decreases 
strongly with field.

(3)C =
Q̇

𝜕T∕𝜕t
.
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9 � Conclusions

The design of the heat capacity cell described in this paper has the advantages of 
simplicity and modularity, which make it suitable for a large variety of quantum 
materials. When adapting it for a particular metal sample, the outstanding ques-
tion is always the common metallurgy of the sample and interconnecting wires 
and the addendum heat capacity, which determines which materials and bonding 
techniques to use. The recent advances in fast current sensing noise thermometry 
[14–17] make this an attractive choice for calorimetry at dilution refrigerator tem-
peratures and below. Together with the filtering and shielding of superconduct-
ing leads, we have implemented it brings calorimetry and bolometry (see review 
[52]) to an improved level of sensitivity, in terms of sample size, and should have 
far-reaching consequences for future fundamental research.
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