9 Low-Temperature Thermometry
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9.1 Introduction

A thermometer is a device by which we can measure a property of matter function of
temperature. If a relation, based on fundamental laws of physics, between such property
and the thermodynamic temperature is considered reliable, the thermometer does not need
a calibration and is called primary thermometer. In the other cases, the thermometer
needs a calibration and is called secondary. Examples of primary thermometers are gas
thermometers and noise thermometers.

Primary thermometry is usually quite difficult and reserved to metrological laboratories.

Secondary thermometers must be calibrated by means of a primary thermometer or
at fixed points as discussed in Chapter 8. Secondary thermometers are often quite easy
to use and more sensitive than primary thermometers. A typical example of secondary
thermometer is the electrical resistance thermometer (see Section 9.6).
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Table 9.1
Common low-temperature thermometry

Gas thermometry

Vapour pressure thermometry

3He melting pressure thermometry
Thermoelectric power thermometry
Resistance thermometry

Noise thermometry

Dielectric constant thermometry
Electronic paramagnet thermometry
Nuclear paramagnet thermometry (range 1-100 . K)
Nuclear orientation thermometry
Coulomb blockade thermometry

— O 0 00NN R W =

—_ =

In most cases, one thermometer is useful only in a limited temperature range. Usually,
out of the useful range, it simply loses sensitivity: for example a Pt thermometer (see
Section 9.6.1) shows an electrical resistance which decreases of ~0.13%/K down to
~20K, but only of ~0.01%/K at 10 mK.

A good low-temperature thermometer should possess several qualities:

e reproducibility and high sensitivity;

e wide operating range and low sensitivity to environmental changes such as magnetic
or stray fields;

e short time to reach equilibrium and fast reading system. A low heat capac-
ity of the sensor is not sufficient to obtain fast readings of temperature (see
Section 9.11);

e at very low temperature, the heat introduced by the measurement must be as low as
possible to avoid overheating of the sensor (see Section 9.5).

Since most of the properties of materials depend on temperature, there are a lot
of possible choices for a thermometer. Some thermometric properties like Mossbauer
effect or osmotic pressure, of historical interest, but no longer in use, are reported in
ref. [[1], pp. 200-206]. Hereafter, some thermometric properties useful at low tem-
perature are described (see Table 9.1). Due to the enormous amount of papers on
the subject, the bibliography cannot be complete. References before 1980 are reported
in ref. [2].

Useful source of information about thermometry are ref. [3-8].

9.2 Gas thermometry

The three modern types of gas thermometry — constant volume gas thermometry
(CVGT), acoustic gas thermometry (AGT) and dielectric constant gas thermometry
(DCGT) — are presently considered ‘primary’. They are based on simple relations between
the properties of an ideal gas and temperature 7. However, the departure from the ideal
behaviour must be carefully considered in view of the desired level of accuracy. This is
done by measuring the thermometric property as a function of density. Then the ideal
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behaviour is deduced by fitting an appropriate expansion to the measured isotherm and
extrapolating to zero density. We wish to remark the fact that AGT and DCGT are based
on the variation with 7 of an intensive property of the gas (speed of sound and dielectric
constant, respectively), whereas primary CVGT requires the knowledge of the number of
moles of gas present in the gas bulb.

9.2.1 Constant volume gas thermometry (CVGT)

In the CVGT, the pressure in a fixed amount of gas is related to the temperature using
an equation of state for the gas in the form:

PV =nRT-[14+B(T)-n/V+C(T)-(n/V)'] ©.1)

where n = moles of gas in the volume V.

At low temperature, in eq. (9.1) only the coefficient B is significant [3], whereas at
very low temperature also C must be taken into account. Values of the coefficients for
*He and “He are reported in ref. [9-14].

The filling gas pressure of a CVGT must be carefully chosen: it must be high enough
to get a good sensitivity and low enough to approximate the ideal gas behaviour.

The accuracy in the measurement of pressure p depends on the lowest temperature
down to which the CVGT is used. For example, with an allowed pressure variation
Ap = 0.133Pa, the minimum allowed temperature is ~2K for “He and ~1K for *He
respectively. With a fixed number of moles N, the CVGT gives T carrying out two pressure
measurements: at the temperature 7' to be determined and at a known temperature 7,; .
The requirements for the constancy (practically the knowledge) of N in a CVGT are the
following:

(a) Dead volume (manometers, valves and capillary tube connecting the pressure gage)
should be small and possibly constant (e.g. the amount of gas in the dead volume,
such as the capillary, depends also on the temperature distribution and hence on
the reproducibility of the gradient along the capillary), since corrections for their
contribution are to be taken into account;

(b) Thermal and elastic volume changes (as a function of 7) of various components (e.g.
the gas bulb) of the CVGT should be known;

(c) Adsorption and desorption of gas from the walls should be evaluated. To minimize
these phenomena, helium is the most favourable gas, since its chemical adsorption is
negligible and its adsorption energy is the lowest among noble gases. Nevertheless,
it is worth reminding that desorption is an irreproducible phenomenon because it
depends not only on temperature but on the previous ‘thermal history’ of the device;

(d) Impurities (usually H, in *He and “He in *He) in the gas change the value of B in
eq. (9.1);

(e) The ‘aerostatic head’” must be considered (see ref. [15]): it is defined as the pressure
difference Ap due to a gas column of height % and density p(7). Ap is proportional
to 1/T. The effect is mainly due to the low-temperature region, i.e. the bulb itself.
Hence the aerostatic head correction depends on the bulb temperature T;
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(f) Thermomolecular pressure difference along the capillary connecting the bulb to the
room temperature gage (see e.g. ref. [16]);

(g) A low-temperature pressure gage, of course, eliminates or minimizes many of the
aforementioned problems (see e.g. ref. [17]). Note that it must stand the room tem-
perature gas pressure in the bulb.

The realization of a CVGT with a high level of accuracy requires complex techniques
and skill. It is mostly used by national laboratories for calibration purposes. For a detailed
description of CVGT, see e.g. ref. [18].

Over the years, a simpler instrument called ‘interpolating constant volume gas ther-
mometer’ (ICVGT) has been developed. It differs from traditional CVGT because it is
calibrated at a number of temperatures known from independent measurements.

In the ITS-90, the ICVGT has been introduced instead of the CVGT for its simplicity and
better reproducibility. By means of the ICVGT, temperatures are defined in the range from
3K to the triple point of Ne (24.5561 K) by interpolating curves (established according
to an international agreement) referring to *He or “He gas pressure [19-21]. Suppose that
everything is in the same situation both during calibration and measurement (e.g. the same
thermal distribution in the capillary), by means of the calibration at fixed points of the
ICVGT, the corrections listed before ((a) through (f)) are not needed. In particular the p
used in the interpolating formula is the pressure measured by the manometer and not the
pressure inside the bulb.

In the ICVGT, corrections (a), (¢) and (f) are not taken into account. When using the
established quadratic interpolation curve, these corrections (within 0.3 mK) are taken into
account through the factor B of eq. (9.1). Details of construction and operation for *He
and *He ICVGT are reported in ref. [22,23] for *He and [24-26] for “He.

The problems encountered in performing accurate measurements of 7 with a primary
CVGT can be overcome by the use of the dielectric constant gas thermometer [27-31] or
by the acoustic gas thermometer [3,32,33].

9.2.2 Acoustic gas thermometry (AGT)

Sound waves are propagated in a gas as longitudinal waves of speed v,:

v, = (Bs/p)"? 9.2)

where By is the adiabatic bulk modulus and p the gas density.
For an ideal gas:

v, = (y-RT/M)"* 9.3)

with M the molar mass and y = Cp/C,, ratio. Corrections are small except at very low
temperatures. Difficulties or errors have been nevertheless encountered because of the
propagation of higher frequency modes or boundary effects. Descriptions of the NIST and
NPL acoustic thermometers can be found in ref. [3]. Details of a spherical interferometer
giving uncertainties below 0.3 mK can be found in ref. [32-34].
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9.2.3 Dielectric constant gas thermometry (DCGT)

The basic idea of DCGT is to replace the density in the state equation of a gas by the
dielectric constant &.
For an ideal gas, this yields the simple relation between the pressure p and &:

p:kBT~(8—sO)/a0 (9.4)

where g is the exactly known vacuum dielectric constant and q,, the static electric dipole
polarizability of a gas atom (see Fig. 9.1). The measurement of DCGT isotherms yields
A_/R and thus:

kg = (R/A,)-a,/(35) (9.5)

where A, is the molar polarizability.

As AGT, DCGT avoids the troublesome density determination of the conventional gas
thermometry. In addition, the pressure sensing tubes can be of any convenient size, and
the thermometric gas can be moved in or out the bulb without the need to allow for the
amount of the gas involved.

Absolute DCGT requires knowing a, with the necessary accuracy. Nowadays this
condition is fulfilled for helium. Recent progress has decreased the uncertainty of the
value of a, well below 107° [35,36]. Up to now, DCGT using cylindrical capacitors for
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Fig. 9.1. Schematics of dielectric constant gas thermometry.
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determining & has been performed by two groups in the range from about 3 to 27 K [37,38].
The obtained relative uncertainties are of order of 107>, but it seems to be possible to
decrease the uncertainty at least by an order of magnitude by optimizing the capacitor
design and with in situ measurements [39].

Further progress depends essentially on the developments in p and C measurements.
A new proposal is to apply quasi-spherical resonators for DCGT [40].

9.3 Vapour pressure thermometry

The vapour pressure of a liquid depends on the kind of liquid and changes rapidly
with temperature (see Section 2.4). Hence, there is the possibility of realizing convenient
secondary thermometers, which were widely used before the advent of commercially
calibrated resistance thermometers.

From eq. (2.3) of Section 2.2.4.1, the vapour pressure over a liquid (with latent heat of
evaporation L = constant) can be written as:

In(p) = §+B (9.6)

However, in reality, L = L(T'); hence an empirical equation is commonly used:

1n<£>=a+2+c-T+... (9.7)
Do T

A compilation of the vapour pressure of various liquids can be found in ref. [41].

The most interesting liquids for low-temperature thermometry are *He and “He, espe-
cially for the calibration of resistance thermometers in the range from 0.5 to 4.2 K. Vapour
pressure of H, is also interesting to realize vapour pressure-fixed points included in ITS-90.
The measure of He vapour pressure has been carried out with great accuracy [42,43] to
establish the ITS-90 (see Section 8.3). There are several experimental precautions to be
observed in order to obtain reliable measurements [2].

Also in the vapour pressure thermometer, the presence of impurities, isotopes or dif-
ferent spin states must be evidenced and minimized.

The main problem encountered in the realization of a vapour pressure thermometer is
the correct measurement of the pressure p. In this case, however, the dead space is not a
problem and larger tubes may be used (instead of capillaries). Since the pressure gage is
usually at room temperature, also in this case, a gradient in temperature between the cold
and the warm end of the sampling tube produces a thermomolecular pressure difference
[44,45, p. 48]:

dp _p

T = 2T -f(r/)\) (9.8)
where r is the radius of the tube, A is the mean free path of the gas particles and fis a
function of the ratio r/A.

Thermomolecular pressure difference is present in vapour pressure with any gas. In the
case of “He, additional problems occur: above the lambda point (see Section 2.2.4.1), the
result is that the temperature above the surface may be a few millikelvin lower than that
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of the liquid. These effects can be reduced by containing the liquid in a high-conductivity
chamber. Below lambda point, He II is a very good heat conductor so that temperature gra-
dients do not exist in the liquid. Anyway, the flow of a superfluid He film creeping to the
warmer part of the tube wall may be a problem: this steady heat flow into the container
gives raise to a temperature difference between the liquid and the walls of the container,
accentuated by the presence of a Kapitza resistance at the solid-liquid interface. Temperature
gradients can only occur in the case of liquid *He which is a poor heat conductor.

A detailed discussion of the problems encountered in vapour pressure measurements at
low temperature is given in ref. [46,47], where also the use of an ‘in situ’ manometer is
described. Vapour pressure gas thermometry with other liquids besides He is discussed
in ref. [43, p. 49].

9.4 *He melting curve thermometry

As we saw in Chapter 7, the *He melting curve, shown in Fig. 7.1, is described by the
Clausius—Clapeyron equation:

dpe o Sie =S ©9)
ar ) Vi % '

m,liq. m,sol.
where f refers to fusion.

Since the liquid molar volume is always larger than that of solid [48,49], dp/dT < 0O if
Sliq. < Ssol.'

For temperatures above 0.32 K, the entropy of liquid is higher than that of the solid as
happens in all other materials (see Section 7.2.1); below 0.32 K, the situation is reversed.
We remind that this property allows to cool the liquid by isoentropic compression (see
Section 7.1).

To use the *He melting pressure as thermometric property, pressure is measured in situ
by means of capacitance pressure gage [S0]. With a pressure resolution of 10 microbar,
the precision in the measurement of temperature is 3 x 10~ at 1 mK, 3 x 1075 at 10 mK
and 5.107% at 100mK [51].

The confidence in the theoretical relationship between pressure and temperature along
the melting curve led to state as primary this type of thermometer and put it as the base
of PLTS 2000 down to 0.9 mK (see Section 8.5).

For the realization of a primary melting curve thermometer (MCT), three different
methods have been suggested and tested:

1. From the knowledge of the quantities (known by independent measurements) in
Clausius—Clapeyron equation, the slope of the fusion curve can be evaluated and
integrated to get p,(7). For example, in the 5-20 mK range, the Clausius—Clapeyron
equation gave temperature values with an 1% accuracy [52,53];

2. From the temperature 7 defined as:

_d0_(de\ (dp
r= dS_<dpf> <dS) ¢.10)

where dQ/dp, is the measured dQ needed to produce a pressure change dp,. Instead,
dp;/dS can be evaluated from a series of thermodynamic transformation [52,54];
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3. The third method is a variation of the second: a heat pulse dQ is supplied, keeping
both the pressure and temperature constant by means of a feedback system. In this
process, some moles of liquid *He are solidified: the latent heat of solidification is the
measured dQ. Since from Clapeyron equation:

d ds
Pr_ O (9.11)
dr dV

from dQ = TdS, we get:
do dp,
— =T — 9.12
dv dT ( )

By measuring dQ/dV for some pressure values along the melting curve, by integration,
we get:

p=p
T=Txexp| [ (dv/dQ)dp (9.13)

0

where p’ is the pressure difference measured along the melting curve with a fixed point
p. Integration of eq. (9.13) gives the temperature from the knowledge of one fixed
point T.

The method, developed at Cornell for the 1-25 mK, allows one to get 7 without the
knowledge of T. In fact, all the quantities which describe the system can be evaluated
as functions of the ratio 7 /7. On the other hand, T can be evaluated at the end as a
fit parameter [55].

Even if nowadays, the MCT may be considered a primary thermometer only on a narrow
temperature range, it is considered the best dissemination standard in the millikelvin
range [56-59]. In fact, the *He melting pressure is a good thermometric property because
of its sensitivity over three decades of temperature with a resolution AT/T up to 1075 [56].
The good repeatability, the insensitivity to magnetic fields up to 0.5 T [60] and the presence
of temperature-fixed points allow for the control of possible shifts in the calibration curve
of the pressure transducer. The usefulness of these fixed points is evident, considering
that the ITS-90 is based just on the definition of fixed points.

The precautions in a thermometric measurement with the *He melting curve thermo-
meter are the control of the impurity from *He [61] and of presence of high magnetic
fields [62,63].

The advantages of this thermometer are the high resolution (about 1K), repeatability
(a few ppm), the zero power dissipation and the insensitivity to radio frequency (RF)
fields. The experimental realization is however quite complicated.

9.5 Thermocouples
The use of the thermoelectric power of metallic junctions presents the following
advantages:

e it is a local measurement with point sensors;
e the apparatus is simple and the measurements are quite easy;
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the thermometer is usually insensitive to magnetic fields;
the sensors have low heat capacity;

no power is involved in the measurement;

measurements are reproducible.

Unfortunately, the thermoelectric power vanishes when temperature tends to zero: pairs
as the classic Cu/constantan thermocouples show very low sensitivity below 10K (see
Fig. 9.2).

However, new materials have been found which allow the extension of the measure-
ments to the millikelvin region. These materials contain a small amount of magnetic
dopants as Au/Fe or Pd/Fe, see Fig. 9.3 [64].

Obviously, the small thermoelectric powers produced by metal pairs at low temperatures
cannot be measured using a reference temperature of 0°C, where the thermoelectric power
is high; a 4.2 K bath is a typical reference.

40 T T T ¥

35 b

Au+2.1% vs Cu
30 E

25 b
Cu vs constantan

Thermoelectric power [uV/K]

20}k Au+0.03% Fe
vs chromel
15 | -
10 -
5F .
Au +0.03% Fe
vs normal silver
0 1 1 L 1
1 3 10 30 100 300

Temperature [K]

Fig. 9.2. Thermometric power of some metal pairs at low temperature [19].
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Fig. 9.3. Thermoelectric power of Pd doped with Fe (in ppm) as a function of temperature. The value for the
pure sample has been multiplied by 10 for sake of clarity [64].

The main drawback in this type of thermometry is the presence of spurious thermo-
electric powers due to chemical inhomogeneity, stress in conductors, contact effects in
switches if present, etc.

The measurements are carried out with an a.c. bridge or with a SQUID at the lower
temperatures. The resolution is of the order of 1 uK at 1K.

9.6 Resistance thermometry

The resistance thermometry is based on the temperature dependence of the electric
resistance of metals, semiconductors and other resistive materials. This is the most dif-
fused type of low-temperature thermometry: sensors are usually commercial low-cost
components. At very low temperatures, however, several drawbacks take place such as
the low thermal conductivity in the bulk of the resistance and at the contact surface, the
heating due to RF pick up and overheating (see Section 9.6.3)

Laws describing the resistance—temperature dependence are not reliable: hence resis-
tance thermometers are secondary devices.

9.6.1 Metal thermistors

The electric resistance of metals decreases as temperature is lowered down to about
20 K. The most used metal as thermometric material is platinum. Platinum is chemically
resistant and can be produced with high purity (minimizing the temperature-independent
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Table 9.2
Temperature-resistance values for a Pt-100
thermometer
Temperature [K] Resistance [Q]
10 0.09
15 0.19
20 0.44
25 0.94
30 1.73
40 4.18
50 7.54
60 11.45
77 18.65
100 28.63
125 39.33
150 49.85
175 60.23
200 70.50
225 80.66
250 90.72
273.2 100.00
300 110.63

contribution to resistivity = high RRR); it is ductile, hence can be drawn in thin wires,
and finally its resistivity temperature coefficient is quite high.

The commercial Pt series resistance are well known. The characteristic of Pt-100 resistor
are reported in Table 9.2 and Fig. 9.4.

It is important that the metal wire is strain free so it does not change its properties on
repeated thermal cycles.

As we said, the sensitivity of a metallic thermometer drastically falls below about 10 K;
as it was the case of the thermoelectric powers; it is possible to increase the sensitivity by
introducing some magnetic impurities. The most commonly used magnetic alloy is the
commercial Rh-0.5% Fe (see Fig. 9.5).

9.6.2 Semiconductors, carbon and metal oxide thermistors
We can notice in Fig. 9.5 that Pt and Rh-Fe thermometers have a positive temperature
coefficient, whereas other reported materials have a negative coefficient. They usually are

either semiconducting or amorphous materials.
The formula which approximately describes the R(7T) dependence is the Mott’s law [65]:

T n
R=R,-exp (7()) (9.14)

where n ranges between 0.25 and 0.6 and 7}, between ~1 and ~100K (see Section 15.2.1).
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Fig. 9.4. Difference of resistance of Pt at the temperature 7 and at 4.2 K versus temperature. The curve is linear
down to 50K (data from [19]).

9.6.2.1 Doped germanium resistors

Germanium used for thermometric purposed has doping values of 10'*~10'° atoms/cm®.
Classic doping methods do not lead to the best results for Ge. In order to obtain a high-
doping homogeneity, the so-called NTD (neutron transmutation doping) is used: pure Ge
is irradiated by a flux of thermal neutrons produced by a nuclear reactor. Neutrons are
captured by some lattice atoms which are transmutated into atoms of the third group. This
process (see Section 15.2.1.1) produces a p-type doped Ge.

A precious quality of Ge thermometers is their stability (better than 0.1% after repeated
cooling cycles). Problems at very low temperatures are:

1. the electron—phonon decoupling (see Section 15.2.1.3);

2. an excess of noise (see ref. [66,67]);

3. high thermal resistance towards support; this means that measurements must be
done with a very low power. This drawback is common to all other resistance
thermometers.

4. a high magnetoresistance which depends on the orientation respect to the magnetic
field and increases with the sensitivity of the thermometer (that is with 7;)) [68,69],
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Fig. 9.5. The electrical resistance R(7) for some typical thermometers. A—B denotes Allen-Bradley carbon
resistor. Speer is a carbon resistor. CG is carbon-in-glass. CX 1050 is a Cernox and RX 202A is a ruthenium
oxide from LakeShore. Ge 100 and Ge 1000 are Cryocal germanium thermometers [45].

see Fig. 9.6 which reports the transversal magnetoresistance of a Ge thermometer.
Measurements of magnetoresistance down to 0.1 K are reported in ref. [70,71]. Accord-
ing to theory [72], the exponent of the Mott’s law changes, and T, becomes proportional
to the magnetic field.

We shall discuss the dynamic behaviour of Ge thermistor in Chapter 15.

9.6.2.2 Carbon resistors

Ge resistors are specifically produced for low-temperature thermometry; carbon and
RuO, resistors are commercial products for electronics. Pure carbon is not a semiconduc-
tor. The negative slope R(7T) is due to the production process which consists in pressing
and sinterization of carbon particles with glue. The resulting resistance is probably deter-
mined by the contact resistance between the particles. The cost of the carbon resistor
thermometer is very low. Manufacturers such as Speer, Allen—Bradley and Matsushita
have produced in the past carbon resistors for many years. Most of firms have now ceased
manufacture, although their products may still be found in the storerooms of research
laboratories.

Another useful device is the carbon-glass thermometer (CGT) [73] usable between
~1K and room temperature where it loses sensitivity. A nice property of CGT is its
insensitivity to large magnetic fields [74,3, p. 269]. CGT are commercially available,
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Fig. 9.6. Dependence on the magnetic field (perpendicular to current) of the electrical resistance of a Ge
thermometer (R, = 856 Q) at the indicated temperatures [68].

for example, from LakeShore and Cryotronics. As shown in Fig. 9.5, the R(T) curve of
CGT falls more steeply than carbon resistors, but eq. (9.14) can be used to represent their
behaviour.

It must be noted (also for RuO, resistors) that resistors best suited for thermometry are
those with the highest temperature coefficient, i.e. the worst for electronics (usually an
high room temperature coefficient means also an high low-temperature coefficient). Of
course, electronic firms tend to produce more stable resistors; hence the future will see
the onset of an antiquary market for thermometers.

Detailed description of carbon resistor is found in some low-temperature text
books [2,19,20]. Nowadays, they are usually replaced by thick-film resistors (RuO,),
which are also much easier to mount.

9.6.2.3 Thick-film RuQO, resistors
RuO,, zirconium oxinitride and metal oxide bead resistors are called oxide
resistors.

RuO, resistors are commercial small-power (volume of few mm?) electronic compo-
nents. They belong to the group of smd (surface mount device) thick-film resistors and are
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(R(H, T)-R(0,T))/R(0,T)
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Fig. 9.7. (a) Magnetic field induced relative resistance change (R(H, T)-R(0, T))/R(0, T) versus magnetic field

for a 1k Dale RCW 575 resistor for seven different temperatures. The curves for each temperature are offset

for clarity. (b) Magnetic field induced relative resistance change (R(H, T)-R(0, T))/R(0, T) versus magnetic

field for 2.7k€) Philips RC-01 resistor for seven different temperatures. The curves for each temperature are
offset for clarity [78].

sold in wheels containing 2000—10 000 pieces for the automatized mounting of electronic
circuits. The resistive material is a ‘ceramic’ consisting in a mixture of a component
containing Ru and a Pb silicate, deposited onto an alumina support. The ratio between the
two components defines the resistivity of the material. Below 1K, the resistance of these
thermometers follows approximately the Mott’s law, with exponents ranging between 0.5
and 0.25 [75].

Small dimensions, easy mounting, good stability over thermal cycling and low cost are
the qualities of these resistors. Magnetoresistivity is usually positive [76-78] for 7> 1K.
For T < 1K, both positive and negative values have been found (see Fig. 9.7) [78].

Due also to their (amorphous) composition, the heat capacity of a ruthenium oxide
resistor is much higher than that of a Ge thermistor of equal mass [61]. This negative
property prevents the use of RuO, resistors as detector sensors (see Chapter 15).

Note that the electronic industry produces smd components called ‘thin-film resistors’
of the same shape and size of RuO, thermistors. They are usually made of a thin layer
of Ni-Cr. Their resistance is extremely stable with temperature and hence they find
application as inexpensive (punctual) heaters (see e.g. Chapter 11).

9.6.2.4 Zirconium oxinitride
Zirconium oxinitride resistors (best known are Cernox) are thin-film resistors. Typical
commercial sensors have resistance values of about 10° Q) at 1K falling to ~100€) at
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100 K. Their useful range is from about 0.3 to 300 K. The stability is a few mK at 4 K.
For more information about Cernox stability see ref. [79].

The magnetoresistance is less than 0.3% above 10K; at 4.2K a field of 13T has a 2%
effect (see ref. [80,81]. About 5000 cernox thermometers have been used at CERN for
the control of Large Hadron Collider (LHC) [82].

Another commercial thermistor, Thermox (by LakeShore), is useful between 77K
(~80kQ) and room temperature (~0.3 Q). It consists of a glass-encapsulated metal oxide
bead. The short-term stability is about 25 mK in the useful range.

9.6.2.5 Junction diodes

Junction diodes are not strictly resistance thermometers but two terminal devices which
are used in a similar way. The forward voltage drop is measured across a p—n junction
carrying a constant d.c. of a few wA. Such voltage increases as the temperature falls.
Junction diodes are Si, GaAs or AlGaAs commercial electronic components. They can
be used above 1K, but the voltage is almost linear above ~20K. Typical sensitivities
for Si diodes are 30mV/K at 4K and 2mV/K at 77 K. Overheating (see Section 9.6.3)
at low temperature is strong in this type of device. GaAs devices are less sensitive to
both temperature and magnetic fields [[3], p.269]. The use of junction diodes for low-
temperature thermometry has been reviewed in ref. [83,84].

9.6.3 Traps in resistance thermometry

Low-temperature resistance measurements do not differ in principle from room temper-
ature ones: they can be carried out both in d.c. (carachteristographers) or in a.c. (bridges).
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Fig. 9.8. I-V curve for a Ge-NTD#31 (see Section 15.2.1.1) resistor at four different temperatures T} of the
mixing chamber. Note the strong nonlinearity at low temperature.
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Carachteristographers are d.c. instruments made up by a current (voltage) power supply
and a voltage (current) meter. They give a two quadrant V-I relation for the resis-
tive device. The information supplied by such instruments is more exhaustive than that
supplied by a.c. bridges, but the measurement is time consuming, and an inversion of
polarity is necessary to detect the possible presence of partially rectifying contacts. In
Fig. 9.8, an example of a VI relation in the first quadrant for a Ge-NTD#12 resistor (see
Section 15.2.1.1) is shown. Note that the power used in the measurements can be as low
as 1074w,

Bridges give a mean resistance value around / = 0. Strictly, they should be used only
for linear components. In both cases (d.c. or a.c.), the resistance measurements are made
in four-wire configuration, since the resistor to be measured is at low temperature whereas
the measuring instrument is at room temperature: the electric connection is usually made
by low thermal conductivity wires which are also poor electrical conductors (remind the
Wiedeman—Franz law).

The power which must be supplied to the thermistor to measure its resistance depends
on the noise level and on the detection system. The latter is the main responsible for the
total noise (a few nV/,/Hz), since the resistors are at low temperature and, hence, their
thermal noise can be usually neglected (see eq. (9.17)).

The frequency response of the detection system is of low-pass type for characteristog-
raphers and band-pass for bridges (see Section 10.4). In both types of measurements the
narrowing of the bandwidth corresponds to a longer time of measurement. Depending
on the chosen detection system, several problems (true traps) may be encountered in
resistance thermometry.

The main ones are:

1. Thermistor overheating

The small power needed to measure the resistance of the thermometer brings the
thermometer at a temperature over that of the support surface. Such ‘overheating’ is due
to the contact resistance at the interface (see Chapter 4). A typical value of the contact
resistance is:

Rc-T°=8x10* [K’'m’ /W] (9.15)

For example, if we want a thermometer overheating AT/T less than 1%, with a contact
surface A = 10~*m?, the power P(T) to be supplied to the thermistor must be:

P(T)<T*-107*W (9.16)

ie. at 20mK P,y <2 x 107""'W. With a typical value of resistance of 80k}, the
corresponding current is 15 nA.

Equation (9.15) is sometimes optimistic. Thermometer overheating as a function of
temperature and contact resistance can be experimentally found, varying the power sup-
plied to the thermometer while keeping constant the support temperature. This is shown
in Fig. 9.9 for an RuO, thermometer. Note that a measuring power of 5 x 10712 W at
20 mK produces an overheating of 12 mK!

The contact resistance may change when the thermometer is moved from a position to
another. Hence the accuracy of resistance temperature measurements below about 25 mK
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Fig. 9.9. Overheating of an RuO, thermometer as a function of temperature for six different
support temperatures.

can be illusory. Moreover, in a.c. measurements of high-value resistances (more than
100kQ), another phenomenon may be present: since the measuring signal is d.c. coupled
to the resistor, a current offset may be present in the output stage of the bridge. This is a
random slow varying d.c. signal which supplies a small unpredictable additional power on
the thermometer. An 1% current offset produces a 2% power offset. Also for this reason,
the use of a secondary resistance thermometer driven with a.c. signal is not advisable
below about 25 mK.

Last, we wish to remind that thermal cycling may spoil the thermometer calibration.
The frequent check of the calibration by means of reference fixed points (see Section 8.5)
is advisable.

2. Filtering

The four lines which electrically connect a thermometer at low temperature with the
bridge at room temperature are usually filtered in order to reduce the interference of
external noise sources. A low-pass filter may attenuate the signal detected by the bridge,
thus giving an erroneous reading of the resistance. As example, let us simply schematize
the filter with a capacitance C = 107®F in parallel with the thermometer resistance R.
If the bridge supplies a sinusoidal signal at 16 Hz (e.g. LR700 bridge.) and R = 10° Q,
the error due to the RC filter is AR/R=5x 1072, If R=5x 10°Q, AR/R = 12%. The
situation is much more critical in the case of a square wave signal (e.g. Picowatt) or at
higher frequencies. From this simplified example, we see that resistors of more than about
100k Q) are to be usually avoided when working with a.c. bridges.

A suggestion: calibrate at room temperature your a.c. bridge connected to your filtered
lines using resistors of increasing values to detect the real cut-off frequency of your
apparatus.
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9.7 Noise thermometry

The noise thermometer is based on the temperature dependence of the mean square
noise voltage V2 developed in a thermistor (Nyquist theorem, 1928):

V?=4-kyT-R-B (9.17)

where B is the amplifier bandwidth.
The main problem encountered in low-temperature noise thermometry is the very low
level of signals. For example, with R = 1k{) and B = 1 kHz:

e at 4K, VA 108 voltand P = 10" W;
e at 10mK, V&~ 10°volt and P = 107> W.

The latter values are not measurable by means of semiconductor amplifiers and a
SQUID system is necessary.

Theoretically, the noise thermometer is a primary thermometer and as such has been
used [85,86]. In practice, besides the low level of the signals to be detected, there are
other problems [87,88], such as:

(a) noise generated by the resistive elements of the amplification devices;
(b) definition of the bandwidth B of the electronics;
(c) knowledge of the gain A(f) of the electronics.

An additional drawback of this type of thermometry is the very long time needed for
the measurement (more than 1h for an 0.1% accuracy).

In the past, except for the low-temperature range, the uncertainties of noise thermometry
were not comparable to those of the gas thermometry due to the non-ideal performance
of detection electronics. Up to now, the most successful technique is the switched input
digital correlator proposed by Brixy et al. in 1992 [89]. In this method, the noise voltage
is fed via two separate pairs of leads to two identical amplifiers whose output signals are
multiplied together, squared and time averaged (see Fig. 9.10).

This eliminates the amplifier and transmission line noise superimposed on the thermal
noise, since the respective noise voltages are uncorrelated.

e ncaaca Cryostat Cracacacacas
Ay
. Digital Square
T ZR(T) J\" multiplier > :C(ejrage P> Output
Az

Fig. 9.10. Block diagram of the switched input digital correlator.
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The possibility of using the Brixy technique for low-temperature thermometry is under
study (see e.g. ref. [90]).

9.8 Dielectric constant thermometry

Capacitance measurements are quite simple. A typical drawback is the need of coaxial
cables that introduce a thermal load which is not negligible in low-power refrigerators.
On the other hand, capacitance bridges null the cable capacitance. Multiplexing is more
difficult than for resistance thermometers. In principle, capacitors have low loss due
to Joule heating. This is not always true: losses can be important, especially at very
low temperatures. Dielectric constant thermometers have a high sensitivity: capacitance
differences of the order of 107" F can be measured.
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Fig. 9.11. Capacitance (minus 630pF) of a capacitive glass thermometer as a function of temperature.
The data points were obtained at excitation frequencies of 1.0 and 4.7kHz at zero magnetic field (x) and
at B=9T (o) [92].
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Several materials show an appreciable temperature dependence of the dielectric constant
down to a few millikelvin. In Fig. 9.11, such dependence is shown for a glass (SiO, with
1200 ppm of OH™ [91,92]). Note the presence of a minimum which usually depends on
the measuring frequency.

An interesting aspect of dielectric constant thermometry is the small influence of a
magnetic field. On the other hand, measurements depend on both the measuring frequency
and voltage (see Figs 9.12 and 9.13). Figure 9.13 shows an example of the dependence
on frequency of both the dielectric constant and loss for Upilex S [93].

Figure 9.14 shows the low-temperature dependence of the dielectric constant for an
epoxy (Emerson & Cuming, Stycast 1266) [94].

Many commercial capacitors can be used as thermometers since they show a strong
dependence of their capacitance on temperature. Figure 9.15 shows the low-temperature
C(T) curve for a commercial smd capacitor (ceramic capacitor KEMET-Y5V).

Above the minimum, the mean slope of C(T') is about 0.6 pF/mK up to room temper-
ature. Such commercial capacitor would be a thermometer with a very large operating
range, a property not very common in other thermometers.

Unfortunately, most capacitance thermometers are not stable and must be recalibrated at
every cool down. They may also present problems of ‘heat release’ [95]: moreover, their
thermalization times at low temperatures may be long since the materials used present
low thermal conductivity and high specific heat.

0.50

0.48

0.46

Capacitance (C—158) [pF]

0.44

Temperature [mK]

Fig. 9.12. Capacitance of a capacitive glass thermometer as a function of temperature at the same frequency
(4.7kHz) for three measuring voltages. The measurements were carried out in magnetic field of: 0.0T (o),
0.25T (A) and 6.0T (O) [91].
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Fig. 9.13. Dielectric properties of Upilex-S as a function of temperature at four measurement frequencies [93].
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Fig. 9.14. Temperature dependence of the dielectric constant &, of Stycast 1266 below 1 K. g, is the dielectric
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Fig. 9.15. Capacitance of an smd capacitor (ceramic capacitor KEMET-Y5V) as a function of temperature.

9.9 Paramagnetic salt thermometry

The starting relation is the Curie—Weiss law:

A
X_X°+T—A (9.18)
where ) is magnetic susceptibility of the paramagnetic material and A is the Curie constant.
The Weiss constant A depends on the shape of the thermometric sample, on the crystal
symmetry and on the interaction between the magnetic moments. Since the parameters
of the Curie-Weiss relation (9.18) cannot be defined theoretically, a calibration of the
thermometer is necessary. Hence, this is a secondary thermometer.
The paramagnetic salts useful for this type of thermometry are the same as that used in
the ADR (adiabatic demagnetization refrigerator, see Section 7.3 and Fig. 7.7). The most
commonly used salts are:

MAS: (Mn** SO, - (NH,), SO, -8H,0), 7. ~ 0.17K;

FAA: (Fe*™ (SO,),- (NH,),SO, - 24H,0), T. ~ 0.03K;
CPA: (Cr3*(S0,); -K,S0,24H,0), T, ~ 0.01 K;

CMN: (2Ce**(NO,), -3Mg(NO,), - 24 H,0), T, ~ 0.002K.

where 7, is the minimum temperature usable for each salt.

Note that CMN is the best suited salt for very low-temperature thermometry. The value
of T, can be further decreased to 0.2 mK, partly substituting ions Ce** with ions La*".

All these salts contain crystallization water which assure a large distance (about 1 nm
on CMN) among the magnetic ions giving a low T}, [1].

We wish to remind that these salts cannot be kept under vacuum at room temperature
since they lose the crystallization water.
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Fig. 9.16. Mutual inductance M (minus electrical connection contribution M,) versus 1/7 for a CMN
thermometer.

For this type of thermometry a mutual inductance meter of high sensitivity (10~ H) is
needed.

Deviations from the 1/7 dependence are generally observed; these are due to magnetic
parasitic contributions (see example of Fig. 9.16 where M, is the mutual inductance of
the electrical connections).

9.10 Nuclear orientation thermometry

In this type of thermometry, long mean-life radioactive nuclei are used. The latter
perform a 8% decay into an excited state which emits 7y to return to the fundamental state
as depicted in Fig. 9.17.

If radioactive nuclei (*°Co and >*Mn are commonly used) are polarized by a strong
magnetic field, the direction of emitted <y rays is anisotropic: the emission probability is
a function of the angle with the field. Such angular distribution depends on the (27 + 1)
levels of the nuclear spin in the local magnetic field and is a function of temperature 7.
In fact, the relative population of such levels is determined by the Boltzmann factor
exp(—B,,An), With 8= 1/kgT, m the I component along the local field and A,; the
hyperfine splitting between two adjacent levels. For 7'>> A, /kg all levels are equally
populated; hence, the -y emission is isotropic; for 7' << A, /kg only the fundamental level
is occupied, hence the anisotropy is practically not dependent on temperature.

There is, however, a temperature range in which the y emission is a function of
temperature. In this range, the anisotropy of 7y emission can be used as thermometric
property. The advantage of using 7y emitters is that the detection can be done from outside
the cryostat (no wiring necessary inside the cryostat).

Figure 9.18 shows, for ®Co, the W(6, T) function, i.e. the ratio of 7y ray intensity for an
angle 0 with the field direction and the ‘isotropic’ intensity. On a smaller scale, also the
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sensitivity dW/d#, which has a maximum for 8 = 90°, is shown: the useful temperature
range is about 2—60 mK.

Since an appreciable polarization of nuclear magnetic moments requires high fields
(10=30T), ®°Co or >*Mn atoms are embedded in ferromagnetic crystals (usually Fe,
Ni or ¥Co) to get the same local field for all nuclei. However, since also the magnetic
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Fig. 9.17. Energy level diagrams for **Mn and ®“Co (slightly simplified). These are the two decay favourite
schemes used for nuclear orientation thermometry.
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Fig. 9.18. W(0, T) function for ®Co (see text) [96].



218 The art of cryogenics

domains must be aligned, an external field of 0.1+ 1T is applied; in calculations also, this
external field must be taken into account. The radioactive atoms are usually introduced
into the crystal by a surface deposition followed by high-temperature diffusion; ®*Co may
be otherwise produced by neutron irradiation of *Co.

A significant source of error in nuclear orientation thermometers is due to the possible
absorption of the radioactive emission in the cryostat, with a temperature increase; as a
consequence, low-intensity source must be used, with long counting periods to get a good
statistics.

Typical power values released by the radioactive substances used in nuclear orientation
thermometers are:

e | pCurie ®Co: 0.57nW due to 8 emission;
e | uCurie **Mn: 0.03nW due to 5keV peak of 3*Cr after electron capture [97-105].

A drawback of nuclear orientation thermometry is the narrow range where the sensitivity
T(dW/T) is adequate for measurements; it happens around 7 ~ A;/ky (see Figs 9.18
and 9.19). A;/ky = 9.14mK for **Mn in Fe and A,;/kgz = 7.965mK for *°Co in Fe.
Moreover, since the statistic error on the measurement is AT/T = (2/n) % (for n counts),
long counting times, typically 10%s, but potentially up to 10°s for 1% precision at the
lowest temperatures, are needed. The temperature should be stable over these timescales.

Anisotropy 1-W(0,T)
Sensitivity oW(0, T)/(0T/T)

o . PR B [ B

1 2 5 10 20 50 100
Temperature T [mK]

Fig. 9.19. Temperature dependence of the anisotropy of the y radiation of **Mn in Ni host along 6 = 0. The
quantity dW/dT is a measure of the temperature sensitivity of the thermometer which, in this case, has its
maximum value at about 10 mK [1].
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An advantage of this technique, instead, is the good thermal contact with the (metallic)
radioactive material, and, more important, the good thermal coupling between lattice and
nuclear spins. Last, the vy ray energy is usually quite high, and no special window in the
cryostat is needed. Nuclear orientation thermometer is a primary thermometer.

Comparisons among various thermometers and the nuclear orientation thermometer can
be found in ref. [100-105] Further information may be obtained from ref. [97,106,107].

9.11 Magnetic thermometry with nuclear paramagnets

The low-temperature limit of magnetic thermometry with paramagnetic salts (see
Section 9.9) is given by the ordering temperature of the electronic magnetic moments.
Such ordering temperature is around 1 mK (example the CMN thermometer).

For a lower temperature thermometry, one has to move from electronic paramagnets to
nuclear paramagnets. Magnetic thermometry with nuclear paramagnets extends the range
of thermometry down to a few microkelvin.

Since the magnetic moments are smaller, now we have a smaller susceptibility and
therefore much smaller signal, requiring more sensitive detection systems. These are res-
onance or SQUID (see Section 14.5) techniques. Thermal response time are shorter, since
pure metals can be used with good thermal conductivity and fast spin-lattice relaxation.
The parameter to be measured is the nuclear susceptibility:

A
=Zn 9.19
X =7 (9.19)
with:
Nol - (I+1) popg?
N = Mol T+ 1) pomsg, 9.20)

n 3kB

In many metals, this law (Curie law) should be valid for at least few wK. For example,
for Cu and Pt, it seems to be true with a 1% confidence for fields below 1 mT [2].

Nevertheless deviations from eq. (9.19) have been observed for the intermetallic com-
pound Auln, [108,109] and for TI [110,111]. Requirements for the validity of eq. (9.19)
are the absence of changing internal fields due to nuclear magnetic or electronic magnetic
ordering in the relevant temperature range, the absence of nuclear electronic quadrupole
interactions and no superconductive transition.

Nuclear magnetic thermometry is fundamental for the microkelvin range, but at higher
temperatures the signal can be rather weak and may be overcome by contributions from
electronic magnetic impurities. For the methods of detection of nuclear magnetization,
see e.g. ref. [2].

9.12 Coulomb blockade thermometry
Coulomb blockade thermometry (CBT) is based on the electric conductance charac-

teristics of tunnel junctions. This type of thermometer has been developed at Jyviskyld
University. The basic results are reported in ref. [112].
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The conductance of a tunnel junction array is determined by three energy contributions:
the thermal energy kg7, the electric potential energy eV at bias voltage V and the
charging energy &, = €*/2C.s, where C, is the effective capacitance of the array and
g.=[(N—1)/N]e*/C with N the number of junctions in series.

If kyT >> &, the dynamic conductance of a junction array is given by [111]:

G &, ev
—=1- -8 (9.21)
G, kgT NkgT

where G is the asymptotic conductance at high bias voltage. The function g, which is
nearly Gaussian shaped around zero, is given by:

[x - sinh (x) —4sinh® (x/2)]
8sinh* (x/2)
The full width at half minimum of the conductance dip described by eq. (9.21)
(see Fig. 9.20) is proportional to the temperature 7.

The useful temperature range of CBT is defined by the number and size of the tunnel
junctions. These are realized by vacuum evaporation of ~100nm Al layers (which are

g(x)=

(9.22)
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Fig. 9.20. Normalized conductance G/G of a coulomb blockade thermometry sensor versus bias voltage V.
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Fig. 9.21. Scheme of a sensor for Coulomb blockade thermometry.
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successively oxidized) and ~200nm of Cu. The substrate is Si oxide. Junctions have a
surface of ~1.5um?. A scheme of the sensor is shown in Fig. 9.21.

The useful range of CBT is 0.02+ 10K [113]. For temperatures below ~1.18K, a
week magnetic field (0.1 +0.2T) must be applied to the sensor to suppress Al supercon-
ductivity. For temperatures below ~20 mK, electron—phonon decoupling is present. CBT
is useful when working with high magnetic fields. The sensor in fact shows a negligible
magnetoresistance: tests in the 0.05 +-4.2K temperature range and with field up to 31T
have been performed [114].

The CBT is in principle a primary thermometer, but its absolute accuracy is at present
too low for metrological applications [115].
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