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Wide Range Thin-Film Ceramic Metal-Alloy Thermometers with Low Magnetoresistance

N.A. Fortune,∗ J. E. Palmer-Fortune,† and A. Trainer
Department of Physics, Smith College, Northampton MA 01063, USA

A. Bangura
National High Magnetic Field Laboratory, Tallahassee, FL 32310, USA

N. Kondedan‡ and A. Rydh
Department of Physics, Stockholm University, AlbaNova University Center, SE-106 91 Stockholm, Sweden

(Dated: June 13, 2023)

Many thermal measurements in high magnetic fields require thermometers that are sensitive over a wide
temperature range, are low mass, have a rapid thermal response, and have a minimal, easily correctable mag-
netoresistance. Here we report the development of a new granular-metal oxide ceramic composite (cermet) for
this purpose formed by co-sputtering of the metallic alloy nichrome (Ni0.8Cr0.2) and the insulator silcon dioxide
(SiO2) in a reactive oxygen + inert argon gas mixture. The resulting thin films are sensitive enough to be used
from room temperature down to below 100 mK in magnetic fields up to at least 35 tesla.

I. INTRODUCTION

Negative-temperature coefficient (NTC) resistive ther-
mometers used in magnetic field dependent small sample
calorimetry [1, 2] and related thermal measurements should
(1) have a resistance R(T ) that depends monotonically on
temperature T , (2) have a high dimensionless sensitivity S =
−d logR/d logT = −(T/R)dR/dT to resolve small changes
in temperature ∆T (3) be small and thin, to minimize heat ca-
pacity and maximize speed of thermal response, (4) be stable
at high temperature, to not lose calibration and (5) have a neg-
ligible magnetoresistance, so that changes in temperature can
be distinguished from changes in field. The most commonly
used resistive thermometers reported in the literature – thick-
film ruthenium oxide [3–5], thin-film metal oxynitrides [6, 7]
such as the commercially available Cernox™ ZrOxNy [8], and
thin amorphous/polycrystalline films of AuxGe1-x [9–13] – all
exhibit some of these qualities, but none satisfy all of these re-
quirements over the full range of temperatures (< 100 mK to
300 K) and dc magnetic fields (0 - 45 T) available at sites like
the National High Magnetic Field Laboratory (NHMFL) [14].

Thick film ruthenium oxide sensors prepared by screen
printing of conductive paste containing ruthenium oxide and
bismuth ruthenate have a smaller magnetoresistance than most
other alternatives below 4 K [3–5, 15] but are largely insen-
sitive at temperatures above 20 K [3, 16]. They also have
a larger mass, slower thermal response, higher heat capacity,
and poorer thermal contact than competing thin film sensors.
Thin film versions designed to overcome these disadvantages
exhibit much lower dimensionless sensitivity (≲ 0.1), making
them unsuitable for high resolution calorimetry [17].

Thin-film metal oxynitride MOxNy resistors (where M =
Hf, Nb, Ti, Ta, and/or Zr) offer higher dimensionless sensitiv-
ities (ranging from 0.5 ∼ 2) useful over a much wider temper-

∗ nfortune@smith.edu
† jfortune@smith.edu
‡ neha.kondedan@fysik.su.se

ature range than RuOx sensors. These sensors are grown by
reactive sputtering of an elemental metal in a controlled mix-
ture of oxygen and nitrogen gas [7, 8]. Unfortunately, they are
also highly magnetoresistive below 4 K — approaching 100%
in a field of 15 T at 0.1 K [15, 18].

Annealed polycrystalline films of AuxGe1-x offer low mass,
rapid thermal response, and a high and tunable dimension-
less sensitivity ranging from 0.5 to 2 between 30 mK and 300
K [11, 12] after annealing at 150 ~160◦C, making them an
attractive choice for zero-field nanocalorimetry [1]. The tem-
perature dependence and sensitivity are, however, strongly de-
pendent upon annealing conditions, as these affect the size
and distribution of Au islands formed at the polycrystalline
Ge grain boundaries [12]. Films annealed at these temper-
atures are subject to shifts in calibration [12]. Also, these
films exhibit significant magnetoresistance at low tempera-
tures, reaching 20% in a 20 T field at 0.1 K [15]. Anneal-
ing at higher temperatures (450 ◦C) in a reducing atmosphere
has been reported to yield a stable, reproducible sensor with
a logarithmic temperature dependence [13], but the reduced
sensitivity (S < 0.1) makes it impractical for high resolution
calorimetry.

Less commonly used resistive thermometers include the
ceramic-metal composites (cermets) [19–21] re-investigated
here. Cermets are produced by the co-sputtering of a metal
and an insulator, which produces weakly connected metallic
islands in an insulating ceramic sea at metal concentrations
close to the percolation threshold. Conduction primarily oc-
curs due to thermally assisted hopping of charge carriers from
island to island and is therefore strongly temperature depen-
dent at low temperatures [22]. The relatively low magnetore-
sistance reported for several cermets in magnetic fields above
a few tesla [20, 21, 23–25] has led us to take a second look at
them here for thermometry and small sample calorimetry.

The temperature dependence of resistance for a cermet is
controlled by the distribution of island sizes, inter-island dis-
tances, and metallic percentage [22, 26], providing an oppor-
tunity for fine-tuning the sensitivity through co-sputtering Ob-
servations of a pronounced low-field negative magnetoresis-
tance [23] and reduced sensitivity [20, 21] at low temperature

ar
X

iv
:2

30
6.

06
95

0v
1 

 [
co

nd
-m

at
.m

tr
l-

sc
i]

  1
2 

Ju
n 

20
23



2

have, however, limited their use. Here we switch from ele-
mental metals to low-magnetoresistance metallic alloys and
show that co-sputtering of such alloys with SiO2 in a reactive
oxygen + inert gas mixture produces resistive thin film ther-
mometers with both a high sensitivity over an extended tem-
perature range and a reduced magnetoresistance at low tem-
peratures.

II. METHODS

A. Thin-film fabrication

In a first set of depositions, thin-film cermets were produced
by the co-sputtering of nichrome (Ni0.8Cr0.2, abbreviated here
as NiCr) and SiO2 targets onto a 150 nm thick silicon nitride
coated silicon substrate at room temperature. Prior to depo-
sition, the chamber was pumped down to a base pressure of
< 2 ·10−8 Torr. The films were co-sputtered in a working gas
of Ar at 3 mTorr and a flow rate of 25 sccm. Typical deposition
rates were 0.8–1.8 nm/min for NiCr and 0.5–0.6 nm/min for
SiO2. Completed thin films had a thickness of 50–60 nm. The
final composition was labeled by the NiCr deposition fraction.

In a second set of depositions, a dilute mixture of Ar:O2 was
substituted for pure Ar as the working gas. Typical deposition
rates were 1.8–2.5 nm/min for NiCr and 0.5–0.8 nm/min for
SiO2 producing thin films on the order of 50–60 nm. A pro-
tective cap of 15 nm thick SiO2 was deposited on top of the
cermet films to prevent any subsequent reaction with the at-
mosphere. The depositions were done at a deposition pressure
of 3 mTorr and a flow rate of 25 sccm Ar, with O2 flow rates
varying from 0.10–0.18 sccm.

Before deposition, the chamber was pretreated with a mix-
ture of Ar:O2 gas (4:1 flow rate ratio, 30 mTorr, 5 min. at
room temperature. This pretreatment occurred after the cham-
ber reached its base pressure of < 2 ·10−8 Torr, and just prior
to moving the sample from the load lock into the deposi-
tion chamber. We note that base pressures and control over
pretreatment conditions for different sputtering systems have
significant influence on the quality and reproducibility of the
deposited films and their resulting temperature dependence.
Results are detrimentally affected by the presence of residual
gases and/or oxygen-gettering materials left on the chamber
walls from prior depositions.

Plan-view TEM samples were prepared using well-known
methods [27, 28]. Briefly, 3 mm diameter disks were cut from
cermet films deposited on SiO2-coated 280 µm thick silicon
substrates. A hand polishing tool was used to polish the back-
side of the disks to a thickness of about 100 µm, and a dimple
grinder was used to polish the center of the disk to a thickness
of ∼5 µm. The samples were then placed in an ion mill (3 keV
argon, 0.1 mA, at ∼10◦ glancing incidence) and thinned from
the backside until a small hole formed in the center. Im-
ages were made in the electron transparent regions adjacent
to the hole using a JEOL JEM400 Transmission Electron Mi-
croscope operated at 100 kV. Particle size was estimated by
drawing a line of known length across the photo and divid-
ing the length by the number of particles along the line. This

was done three times on each photograph and the average was
reported as the estimated particle size.

B. TEM

C. Magnetoresistance measurements

Magnetoresistance measurements were made using a
membrane-based nanocalorimeter [1] with local temperature
offset heater at constant total heater power. Measurements
up to 12 T were taken in a dilution refrigerator with a sta-
ble base temperature below 10 mK (dilution unit in a com-
pensated magnetic field). The weak thermal coupling be-
tween thermometer on the calorimeter and the thermal bath
provides a very stable temperature that is insensitive to mag-
netic fields. For temperatures above 50 mK, any magnetic
field effects on the cryostat will not affect the temperature on
the calorimeter. A stable temperature can thus be obtained
by measuring and stabilizing the total power and assuming
that the calorimeter thermal link is magnetic field indepen-
dent. Measurements at low calorimeter power with insignifi-
cant offset heating but with stabilized base temperature up to
4 K confirm this assumption. Measurements at higher fields
were taken at NHMFL in a similar way, but using a 3He sys-
tem. Magnetic field sweeps below 1 K were performed with
very slow ramp rates, below 0.2 mT/s.

III. RESULTS

A. Temperature dependence

The temperature dependent resisistivities ρ(T ) (at zero
field) for the first set of depositions (in argon) are shown in
Fig. 1.

There is a crossover in the slope of the low temperature di-
mensionless sensitivity from positive to negative with increas-
ing metal percentage, at approximately 66.5% NiCr metal
fraction. This indicates that our samples span the transition
region between insulating and metallic behavior [29]. Both
the resistivity and sensitivity increase with decreasing temper-
ature for insulating samples, with the 62.5% sample represent-
ing the lower limit for metal concentration for this particular
co-sputtering method (due to the large difference in metals
and insulator maximum sputtering rates).

In Fig. 2, the results from the second set of depositions in
an Ar:O2 atmosphere are shown for a set of three films (A, B,
and C) deposited at constant NiCr and SiO2 sputtering rates
but with differing oxygen flow rates. Also shown is a film
D deposited at a lower metal sputtering rate using an oxygen
flow rate of 0.10 sccm. Sample C is metallic, while the other
three represent the crossover to insulating behavior.

The large changes in temperature dependence of the resis-
tivity and sensitivity between samples A, B, and C produced
by small changes in oxygen flow rate from 0.13 to 0.17 sccm
illustrate the sensitive dependence of thermometer properties
on oxygen concentration. The relative effect of changes in
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FIG. 1. Temperature dependent resistivity as a function of NiCr per-
centage by volume for (NiCr)x (SiO2)1−x cermets co-sputtered in
argon at 3 mTorr.

FIG. 2. Measured resistivities ρ(T ) for different oxygen flow lev-
els during co-sputtering. Increasing the oxygen flow rate induces a
transition from metallic to insulating behavior. Films A, B, and C
were deposited at a NiCr rate of 2.81 nm/min. and SiO2 rate of 0.78
nm/min. with oxygen flow rates of 0.17, 0.16, and 0.13 sccm respec-
tively. Film D was deposited at a NiCr rate of 1.99 nm/min. and
SiO2 rate of 0.58 nm/min. with an oxygen flow rate of 0.10 sccm. In
all cases the argon working gas flow rate was 25 sccm.

the metal sputtering rate and oxygen flow rate is illustrated
by sample D, deposited at both lower oxygen flow and lower
metal deposition rate. An increase in oxygen flow rate thus
contributes to the crossover from metallic to insulating behav-
ior in a manner similar to an increase in the SiO2 sputtering
rate.

B. TEM

Plan-view TEM micrographs in Fig. 3 show cermet films
grown at constant NiCr and SiO2 sputtering rates but with dif-
fering oxygen flow rates. The micrographs indicate that the
change to more insulating properties arises from a decrease in
average metal island size with increasing oxygen concentra-
tion. Figure 4 shows TEM micrographs as a function of in-
creasing metal/insulator sputtering rate ratio at constant oxy-
gen concentration. The metal island size at any given oxygen
flow rate is seen to increase with increasing metal-to-insulator
sputtering rate ratio. Samples grown without O2 show the
same trend — increasing island size with greater metal con-
tent — but the island sizes tend to be larger when sputtered
without oxygen, with sizes ranging from 4.0 nm for the 62.5%
sample in Fig. 1 to 5.0 nm for the 68% sample.

C. Magnetic field dependence

In Fig. 5, the thermometer magnetoresistance is shown for
magnetic fields up to 12 T and temperatures from 75 mK to
250 K. At low fields, the magnetoresistance is negative except
for the lowest temperatures, T < 1.1 K, and highest tempera-
tures T ≳ 230 K. The size of the negative magnetoresistance
term increases with decreasing temperature down to 40 K, see
Fig 5(c), then becomes smaller again at still lower tempera-
tures, see Fig. 5(a,b). Near room temperature, the magnetore-
sistance is positive and linear with field.

The magnetoresistance at high magnetic fields increases
linearly with field at all temperatures as seen in Fig. 6. For
the studied samples, the zero-field dimensionless sensitivity
varies between 0.28 and 0.38 over the temperature range. The
maximum effect of magnetic field on apparent temperature at
any temperature is 2%.

IV. DISCUSSION

A. Temperature dependence

One useful physical model [29, 30] for the temperature de-
pendent resistivity ρ(T ) of materials near the metal-insulator
transition involves a crossover from variable-range hopping
at the lowest temperatures to a nearly constant “disordered
film” resistance at high temperature. We represent this here by
a phenomenological extended variable-range hopping model
incorporating a crossover from stretched exponential to aug-
mented power law dependence [29] for films close to the
metal-insulator transition:

ρ(T ) = ρ0

[
1+

(
T0

T

)ν]
e(T0/T )ν

(1)

where kBT0 represents a characteristic energy for variable-
range hopping between adjacent metal islands in an insulating
medium, ν is a measure of power law sensitivity whose value
depends (in part) on the distribution of effective distances, and
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FIG. 3. Plan-view TEM micrographs of cermet films grown with O2 flow conditions producing (a) higher than optimal, (b) optimal, and
(c) lower than optimal ρ vs T characteristics. Larger metal particle sizes correlate with lower sensitivity. All films are co-sputtered NiCr
(2.1 nm/min) and SiO2 (0.58 nm/min) in Ar:O2 at a working pressure of 3 mTorr with an argon flow of 25 sccm, resulting in films with a)
RRT ∼ 30–35 kΩ having ∼3.1 nm diameter particles when the O2 flow was 0.15 sccm; b) RRT ∼ 1.2–1.3 kΩ having ∼4.4 nm diameter particles
when the O2 flow was 0.12 sccm; c) RRT ∼ 430–480 Ω having ∼5.7 nm diameter particles when the O2 flow was 0.10 sccm.

FIG. 4. Plan-view TEM micrographs of cermet films grown with metal sputtering rates producing (a) higher than optimal, (b) optimal,
and (c) lower than optimal ρ vs T characteristics. Films with higher metal rate (keeping the same O2 flow rate and SiO2 sputtering rate)
leads to an increase in average metal island size. All films are co-sputtered NiCr (2.60–2.95 nm/min) and SiO2 (0.8 nm/min) in Ar:O2 at a
working pressure of 3 mTorr with an argon flow of 25 sccm and oxygen flow of 0.19 sccm, resulting in films with a) RRT ∼ 2.4 kΩ having
∼ 2.8 nm diameter particles for NiCr rate of 2.60 nm/min; b) RRT ∼ 1.7 kΩ having ∼ 3.2 nm diameter particles for NiCr rate of 2.74 nm/min;
c) RRT ∼ 800 Ω having ∼ 3.6 nm diameter particles for NiCr rate of 2.95 nm/min.

ρ0 is a scaling parameter equal to the residual resistivity in the
T → ∞ high temperature limit. The variables ρ0, T0, and ν all
depend on metal island percentage x.

We find that ρ(T ) curves in Fig. 1 for (NiCr, SiO2) cermets
co-sputtered in a pure argon atmosphere are well described by
Eq. (1) for NiCr percentages near a metal-insulator transition
at xMIT; the dependence of ρ0 on metal concentration x is well
modeled in terms of percolation theory [31]. The residual re-
sistivity ρ0, power-law coefficient ν , and hopping temperature
T0 all decrease with increasing metal percentage. As a result,
materials described by this model exhibit a tradeoff: increas-
ing sensitivity ν leads to higher residual resistivity ρ0. Details
of the modeling are discussed in the supplement.

There is a notable resemblance between the temperature
dependence shown in Fig. 1 and that seen for 100 nm thick

Nix(SiO2)1−x cermets [21] co-sputtered in argon for atomic
percentages ranging from x = 0.6 to x = 0.9, having Ni metal
island sizes ranging from 5 to 10 nm for insulating films.
We observe a room temperature resistivity of 200 µΩm at
62.5% NiCr, while the reported value for 66% Ni cermet
with a comparable temperature dependence is 670 µΩm [21].
Comparable sensitivities lead to similar room temperature re-
sistivities, albeit at measurably higher metal percentages for
the Ni-based than NiCr based materials.

A main difference, however, is in the low-temperature sen-
sitivity, which abruptly decreases below 2 K for the Ni-based
cermets. This decrease in sensitivity around 2 K was also seen
for Pt-based cermets [20]. A second difference is the larger ef-
fect of magnetoresistance at low temperature when using the
Ni-based films as thermometers [21].
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FIG. 5. Magnetoresistance as a function of magnetic field up to 12 T,
at various temperatures for (NiCr, SiO2) films co-sputtered in O2 and
Ar at 3 mTorr pressure with a room temperature resistivity around
10−4 Ωm. (a) Measured temperature within 10 mK windows. Below
150 mK, the effect of magnetic field sweep on actual temperature
affects the accuracy of magnetoresistance. The magnetoresistance
at higher temperatures, (b) and (c), is composed of a negative, low-
field magnetoresistance and a linear, positive high-field magnetore-
sistance.

B. Dimensionless sensitivity

Unlike the films sputtered in a pure Ar atmosphere (Fig. 1),
the oxygen grown films (Fig. 2) retain a higher sensitivity even
at room temperature, combined with an even lower room tem-
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temperature by a few mK.
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FIG. 7. Comparison of temperature-dependent resistivities of (NiCr,
SiO2) films fabricated in both Ar and Ar + O2 environments. Curves
were selected to match at about 1 K. Co-sputtering in a reactive
mixed Ar + O2 atmosphere yields films with significantly greater
sensitivity between 10 K and room temperature. The inset describes
the resistivity ratio as a function of room temperature resistivity for
the two fabrication methods. Materials in the same fabrication fam-
ily obey a common curve, allowing a quick comparison of materials.

perature resistivity, making these films suitable for calorime-
try at temperatures up to and including room temperature. For
film D in Fig. 2, the dimensionless sensitivity increases from
a minimum of 0.5 at 100 K to a maximum of 1.0 at 0.2 K, a
sensitivity comparable to that seen in commercially available
thin-film metal oxynitride ZrOxNy resistors [6].

In Fig. 7, curves with comparable resistivity at 1 K, fabri-
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cated with Ar only and Ar + O2 atmosphere, are compared.
As seen in the figure, the room temperature resistivity is sig-
nificantly lower for the Ar + O2 grown samples. Within each
preparation method, we also see that we can infer the low-
temperature resistance of any particular (NiCr, SiO2) film
from its room temperature value. This implies that two identi-
cally prepared films with the same room temperature resistiv-
ity should follow a common curve, as illustrated in the inset
of Fig. 7.

Sputtering in a reactive oxygen atmosphere can be expected
to change the resistive properties of the metal-alloy + insula-
tor cermets in at least two ways. First, sputtering in a reactive
oxygen atmosphere is expected to improve the stoichiometry
of the sputtered SiO2 [32, 33] and may prevent forming pos-
sible metal silicides. Second, as the oxygen flow rate is in-
creased, some Cr in Ni0.8Cr0.2 may react to form Cr2O3 due
to the preferential oxidation of Cr. Put together, more insu-
lator should be deposited when O2 is present in the working
gas. Consistent with this expectation, we find that we can use
higher metal deposition rates when using dilute Ar:O2 work-
ing gas instead of 100% Ar to obtain films with comparable
room temperature resistivity.

While the effect on cluster size with changing
metal/insulator ratio, shown in Fig. 3 and Fig. 4 is clear, the
net effect for films with similar low temperature behavior is
rather subtle. Films grown in Ar behave similarly to those
grown in Ar + O2. We find slightly larger island sizes for
optimal films in the absence of oxygen, but the effect is weak,
less than ∼ 1 nm. A more likely explanation for the effect of
oxygen is that the barriers between clusters are improved, af-
fecting the exponent ν of Eq. (1), and possibly increasing the
metal/insulator ratio at the point of optimum low-temperature
behavior, thereby lowering the high-temperature resistivity.

C. Magnetoresistance

For thermometry and calorimetry, lower magnetoresistance
is always helpful, but it is the magnitude of the magnetic-
field induced effect on temperature reading rather than the
magnetoresistance itself that is the most important consider-
ation. For the (NiCr, SiO2) sensors shown in Figs. 5 and 6,
the magnetic-field-induced fractional change in apparent tem-
perature ∆T/T0 is less than 2% over the entire temperature
and field ranges measured (75 mK – 300 K and 0 – 41 T). The
low values of ∆T/T0 observed here are a significant improve-
ment over that typically observed for ruthenium oxide sensors
[5, 16] and cermets of comparable low temperature sensitivity
formed from elemental metals [19].

The positive magnetoresistance component at high fields
has a linear field dependence and is nearly temperature inde-
pendent, thus easily corrected for using methods some of us
have presented elsewhere [15]. The decrease in negative mag-
netoresistance with decreasing temperature is welcome but
unusual. Over the same temperature range, the magnetic-field
induced change in resistance systematically increases as the
temperature decreases for Cernox (TM) and related MOxNy
thin film, AuGe thin film, and RuOx thick film resistors. An

increase is also seen for the (Ni, SiO2) cermet [21]. Under-
standing of magnetoresistance in granular metals such as the
cermets presented here is incomplete and continues to evolve
[22, 26, 34]. That said, the most common explanation for neg-
ative magnetoresistance in elemental metals with long mean
free paths is the destruction of coherent backscattering due to
the application of the magnetic field. Coherent backscattering
increases the resistivity of the material at zero field; destroy-
ing that coherence by magnetic field leads to a decrease in
resistivity.

A main difference between pure metal cermets and cermets
based on alloys is the decreased mean free path of the al-
loy. A short enough mean free path minimizes any coherent
backscattering and similar magnetoresistance effects. High
resistivity alloys, including NiCr [35, 36], are in the Mott-
Ioffe-Regel limit [37, 38], characterized by electronic mean
free paths comparable to the inter-atomic distance. Compar-
ing metals and various high resistivity materials such as con-
stantan, nichrome, and phosphor bronze, it is seen that the
higher the ratio between room temperature and low tempera-
ture resistivity, the larger the magnetoresistance at low tem-
perature [39]. Thus, disorder-induced electron scattering by
defects and introduced impurities are known to suppress mag-
netoresistance. Here, the isolated metal grains in combina-
tion with using a low-magnetoresistance metal alloy provides
a means of producing a useful temperature dependence with-
out introducing high magnetoresistance in a material with a
mean free path that evidently remains in the Mott-Ioffe-Regel
limit down to the lowest temperatures.

The role of combining different magnetic d-elements for
strong disorder scattering at the Fermi level for high entropy
alloys such as NiCr is described in detail in Ref. [40]. In these
materials, scattering can be understood in terms of disorder
smearing of the Fermi surface originating from site-to-site po-
tential fluctuations [40]. Maximum disorder is obtained when
there is a large band-center mismatch, such as that obtained by
combining nearly filled d-band elements (ferromagnetic Fe,
Co, Ni) with elements having half-filled d-bands (antiferro-
magnetic Cr, Mn). This suggests that metal combinations that
do not scatter strongly in both spin channels at the Fermi level
will have a smaller but more temperature-dependent residual
resistivity and, by implication a larger magnetoresistance at
the lowest temperatures.

The preferred choice of metal alloy for a particular cermet
thermometry application will depend on additional consider-
ations such as the magnetic susceptibility, the magnetic field
dependence of the specific heat, and the suitability of the ma-
terial for use in a sputtering system. In this regard, we have
found promising indications that similar results as presented
here can be obtained by replacing NiCr with an arc-melted
TiCr alloy (7 percent Ti by volume) sometimes used in calori-
metric applications [41] as a less magnetic alternative to NiCr
for heater elements.
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CONCLUSIONS

In conclusion, we have found that metal-ceramic composite
thin films, in particular (Ni0.8Cr0.2, SiO2), fulfill all require-
ments expected for thin-film thermometer materials for mea-
surement in high magnetic fields at low temperature. The use
of a high resistivity metal alloy greatly reduces the magnitude
of the low field magnetoresistance compared to that seen for
oxygenated cermets formed from elemental metals [20, 23].
The optimized thermometers display monotonic temperature
dependence of the resistivity with a dimensionless sensitivity
between 0.3 and 0.5, from 300 K to below 100 mK. They can
be fabricated as stable, square thin film resistors with a pre-
dictable low temperature sensitivity, and their magnetoresis-
tance is found to be less than 1% at all studied temperatures.
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I. SUPPLEMENTARY ANALYSIS

In this supplement, we test the ability of an extended vari-
able range hopping model [1] we introduced in the main text
to describe the temperature dependence of the resistivity (in
the absence of an applied magnetic field). We also present cor-
responding graphs for the temperature dependent logarithmic
sensitivity S. We find that the model describes the temperature
dependence of the co-sputtered (NiCr, SiO2) films deposited
in a pure argon atmosphere at all temperatures — even at tem-
peratures well above the characteristic hopping energy tem-
perature T0 — but fails to fully account for the temperature
dependence of films co-sputtered in a mixed argon + oxygen
atmosphere.

A. Variable-range hopping model

For the extended variable-range hopping model [1] used
here,

ρ(T ) = ρ0

[
1+

(
T0

T

)ν]
e(T0/T )ν

(1)

Expanding this expression in the high temperature limit, using
δ = (T0/T )ν ≪ 1, gives

ρ(T )
∣∣∣∣
T→∞

= ρ0 (1+δ )
(

1+δ +
1
2

δ 2...

)∣∣∣∣
δ→0

= ρ0 (2)

indicating that the scaling parameter ρ0 corresponds to the
theoretically expected (constant) residual resistivity. The log-
arithmic sensitivity S is given by

S =− d logR
d logT

=−T
R

dR
dT

=− T
ρ(T )

dρ(T )
dT

(3)

where the resistance R is related to the resistivity ρ as R =
(L/A)ρ for a thin film with length L, width w, thickness d,
and cross-sectional area A = wd.

In calorimetry, the logarthmic sensitivity is important be-
cause measurement resolution depends directly on the small-
est resolvable temperature change ∆T |min. This is inversely
proportional to S for a given minimum resolvable fractional
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FIG. S1. Fit of extended variable range hopping model to data for
various NiCr concentrations. Solid lines correspond to data and
dashed lines to the corresponding model fits to Eq.(1).

change in resistance (∆R/R)min:

∆T
∣∣
min =−1

S

(
∆R
R

)

min
T (4)

Applying Eq. (2) to Eq. (3) in the high temperature limit, we
find that

S
∣∣
T>T0

= 2ν
(

T0

T

)ν
(5)

In this T > T0 approximation, a constant power-law sensi-
tivity ν corresponds to an increasing numerical value for the
logarithmic sensitivity as T decreases , with S expected to ap-
proach a reference value of 2ν as T approaches T0.

B. Cermets sputtered in an inert Ar atmosphere

Figure S1 shows fits of the empirical variable range hop-
ping model, Eq. (1), to data for various NiCr concentrations.
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FIG. S2. Logarithmic (dimensionless) sensitivity S for the films
shown in Fig. (1) of the main text.

These represent a subset of the data presented in Fig. 1 of the
main text for NiCr percentages ranging from 63% to 66.5%.
As seen in Fig. S1, the temperature dependent resistivity ρ(T )
of these films can be fit to the model of Eq. (1) over the en-
tire temperature range from 0.2 K to 300 K. The correspond-
ing sensitivities for the data presented in Fig. 1 of the main text
are shown in Fig. S2. Note how the slope dS/dT of the sensi-
tivity changes from negative to positive as we cross the metal-
insulator transition. The resulting fit parameters for films on
the insulating side of the metal-insulator transition are listed
in Table I.

TABLE I. Dependence of the variable-range hopping fitting param-
eters found from non-linear least square fit to Eq. (1) on NiCr metal
percentage for (NiCr, SiO2) cermets co-sputtered in pure Argon.

metal % ρ0 (µΩm) T0 (K) ν
63.0 57.0(2) 14.9(2) 0.183(2)
64.5 38.1(3) 22.3(4) 0.135(4)
65.0 30.6(4) 4.9(4) 0.116(1)
66.5 18.4(4) 3.0(7) 0.057(1)

As seen from Table I, the scaling temperature T0 in this
model does not appear independently of the power-law sen-
sitivity ν . Instead, it appears only in the combined expression
T0

ν . As a result, we do not assign theoretical significance to
the particular numerical values found here for T0 and ν . For
our purposes, it suffices to see that they combine to produce
an overall decreasing logarithmic sensitivity S with increasing
metal percentage, as expected, and that the model given by
Eqs. (1) and (3) give us a useful means of estimating the tem-
perature dependence of ρ(T ) and S from the measured room
temperature resistance.

The values for ρ0 of Table I decrease as the metal per-

6 0 6 2 6 4 6 6 6 8 7 0
1 0

1 0 0
 A ( x / x c  -  1 ) - �

 ( N i C r ) x ( S i O 2 ) 1 - x

� 0
 (µ

Ω
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x  ( % )
FIG. S3. Fit of percolation model Eq. (6) for dependence of residual
resistivity ρ0 to data presented in Table I. The calculated curve cor-
responds to a percolation threshold xc = 0.59±0.1 with ρ0 set equal
to the bulk resistivity for NiCr in the x = 1 continuous thin film limit.

centage increase, as expected. However, the listed ρ0 val-
ues are still an order of magnitude larger than the resistivity
ρ ≈ 1.1 µΩm for nichrome (Ni0.8Cr0.2) [2]. From the TEM
images, we see that the cermet structure consists of metal
grains wrapped by insulator (rather than a uniform mixture
of metal and insulator grains). Further, the 0.4 nm mean free
path in NiCr [2] is much smaller than the 2 to 5 nm NiCr metal
grain size, indicating that the enhanced resisitivity is an inter-
grain effect [3]. We thus tentatively attribute the enhancement
of ρ0 to the proximity to the percolation threshold with narrow
conduction paths through the material [4].

In the transition region of percolation near the percolation
threshold [4–6], the conduction path contribution to resistivity

ρ(x,T )
∣∣∣∣
x→xc

= α(T )(x/xc −1)−β for x > xc (6)

where x is the metal percentage, xc is the percolation thresh-
old — the metal percentage at which a narrow but continu-
ous transport network is formed by the metallic grains — and
α(T ) represents the temperature dependence for a given x and
xc. β is a critical exponent that depends on dimensionality,
with β → 2 in the 3D limit [4, 6].

As the metal percentage decreases as x approaches xc, the
resistivity ρ(x) at any fixed T increases, and thus so does ρ0
from our model. The critical value xc depends on dimension-
ality and sample preparation conditions, including deposition
and annealing temperatures, as these can affect cluster sizes
and distributions. Experimentally [4], values ranging from
0.54 to 0.62 were observed for co-sputtered (Au, SiO2). Here,
if our materials are in this limit, then xc ≤ 62.5%. A represen-
tative fit of Eq. (6) to the data in Table I with xc = 0.59±0.1,
β = 1.7±0.2 and ρ0 set equal to 1.15 µΩ ·m in the continuous
NiCr thick film x = 1 limit is shown in Fig. S3.

In percolation theory [4], there is an intermediate weak-
localization region between the classical percolation limit xc
and classical metallic behavior for x ≥ xMIT. As a result,
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FIG. S4. Logarithmic (dimensionless) sensitivity S for a series of
films sputtered in a mixed argon + oxygen atmosphere at differing
oxygen flow rates. These films correspond to the ρ(T ) graphs for
films A, B, and C shown in Fig. 2 of the main text. The slope dS/dT
changes from negative to positive as the films change from metal-
lic to insulating with increasing oxygen flow rate. The increase in
sensitivity at high temperature that occurs in films A and B is not ac-
counted for by the extended variable range hopping model in Fig. S1.

numerical value for the percolation threshold xc calculated
from the inferred high temperature residual resistivity ρ0 us-
ing Eq. (1) will be less than the numerical value for the
metal-insulator transition xMIT inferred from the measured
low-temperature logarithmic sensitivity. Assigning xMIT to
the metal concentration at which dS/dT changes sign from
positive to negative [1], we find xMIT ≈ 0.665. Thus, with
the exception of the x = 0.68 film, the (NiCr, SiO2) cermets
presented here are in that intermediate regime xc < x < xMIT.

C. Effect of oxygen during sputtering

The effect of co-sputtering in a reactive oxygen + argon
atmosphere on the temperature dependence of ρ(T ) is dis-
cussed in detail in the main text. Here we add a graph of the
dependence of logarithmic sensitivity S for the insulating-side
films shown Fig. 2 of the main text. As shown in Fig. S4, the
sensitivity increases as oxygen concentration increases. At-
tractively, film B exhibits a nearly constant sensitivity S ≈ 0.4
between 0.1 K and 100 K. The increase in sensitivity with in-
creasing temperature above 100 K for the insulating side films
indicates that sputtering in a reactive oxygen atmosphere in-
troduces new physics near room temperature not included in
Eq. (1).
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