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Many thermal measurements in high magnetic fields—including heat capacity, thermal conductivity,
thermopower, magnetocaloric, and thermal-Hall-effect measurements—require thermometers that are sen-
sitive over a wide temperature range, are low mass, have a rapid thermal response, and have a minimal
easily correctable magnetoresistance. Here, we report the development of a granular-metal oxide ceramic
composite (cermet) for this purpose formed by cosputtering of the metallic alloy nichrome (NiggCry>)
and the insulator silicon dioxide (SiO;). We find that cosputtering of Ni-Cr alloys with SiO; in a reactive-
oxygen plus inert-argon-gas mixture produces resistive thin-film thermometers sensitive enough to be
used in calorimetry and related measurements from room temperature down to below 100 mK in magnetic

fields up to at least 41 T.

DOI: 10.1103/PhysRevApplied.20.054016

I. INTRODUCTION

Magnetic field dependent small-sample calorimetric
and related thermal measurements [1,2] impose a par-
ticularly stringent set of requirements on the materials
used for resistive thermometry. The thermometers should
(1) have a resistance R(7) that depends monotonically
on temperature 7, (2) have a high dimensionless sen-
sitivity (logarithmic derivative) S = —dlogR/dlogT =
—(T/R)dR/dT over a wide range of temperature, to resolve
small changes in temperature AT over the full range of
measurement, (3) be small and thin, to minimize the heat
capacity and maximize the speed of the thermal response,
(4) be stable at high temperature, so as not to lose calibra-
tion through general handling and temperature cycling, and
(5) have a negligible magnetoresistance, so that changes
in temperature can be distinguished from changes in field.
Like all low-temperature thermometers, they also have
a negative temperature coefficient (NTC) dR/dT < 0 so
as to remain sensitive at low temperature. The most
commonly used NTC resistive thermometers reported in
the literature—thick-film ruthenium oxide [3—5], thin-film
metal oxynitrides [6,7] such as the commercially available
Cernox™ ZrO,N, [8], and thin amorphous or polycrys-
talline films of Au,Ge;_, [9—13}—all exhibit some of
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these qualities but none satisfy all of these requirements
over the full range of temperatures (< 100 mK to 300 K)
and dc magnetic fields (045 T) available at sites such as
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] and
dimensionless sensitivities between 0.25 and 0.5 at 1 K [4]
but are largely insensitive at temperatures above 20 K [3,
16]. They also have a larger mass, slower thermal response,
higher heat capacity, and poorer thermal contact than com-
peting thin-film sensors. Thin-film versions designed to
overcome these disadvantages exhibit much lower dimen-
sionless sensitivity (< 0.1), making them unsuitable for
high-resolution calorimetry [17].

Thin-film metal oxynitride MO\N, resistors (where
M = Hf, Nb, Ti, Ta, and/or Zr) offer higher dimension-
less sensitivities (in the range 0.5-2) that are useful over
a much wider temperature range than RuO, sensors. These
sensors are grown by reactive sputtering of an elemental
metal in a controlled mixture 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 Au,Ge;_, offer low
mass, rapid thermal response, and a high and tunable
dimensionless sensitivity ranging from 0.5 to 2 between 30

© 2023 American Physical Society


https://orcid.org/0000-0002-2704-9969
https://orcid.org/0000-0003-4090-6029
https://orcid.org/0000-0002-1040-344X
https://orcid.org/0009-0004-1936-9892
https://orcid.org/0000-0001-6641-4861
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.20.054016&domain=pdf&date_stamp=2023-11-07
http://dx.doi.org/10.1103/PhysRevApplied.20.054016

N.A. FORTUNE et al.

PHYS. REV. APPLIED 20, 054016 (2023)

mK and 300 K [11,12] after annealing at 150—160°C, mak-
ing them an attractive choice for zero-field nanocalorime-
try [1]. They can also be readily fabricated through flash
evaporation or cosputtering. The temperature dependence
and sensitivity are, however, strongly dependent upon the
annealing conditions, as these affect the size and distribu-
tion of the Au islands formed at the polycrystalline Ge
grain boundaries [12]. Films annealed at these temper-
atures are therefore subject to shifts in calibration [12].
Also, these films exhibit significant magnetoresistance at
low temperatures, reaching 20% in a 20-T field at 0.1 K
[15]. Annealing at much higher temperatures (450°C) in
a reducing atmosphere has recently [13] been reported to
yield a stable reproducible sensor with a logarithmic tem-
perature dependence 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] reinves-
tigated here. Cermets are produced by the cosputtering of
ametal and an insulator, which produces weakly connected
metallic islands in an insulating ceramic sea at metal
concentrations close to the percolation threshold. Conduc-
tion primarily occurs due to thermally assisted hopping
of charge carriers from island to island and is therefore
strongly temperature dependent at low temperatures [22].
The relatively low magnetoresistance reported for several
cermets in magnetic fields above a few tesla [20,21,23,24]
has led us to take a second look at them for thermome-
try and small-sample calorimetry. Cermets can be prepared
from several elemental metals combined with insulators
such as SiO; and Al,O3 [19, and references therein].

The temperature dependence of resistance for a cermet
is controlled by the distribution of island sizes, interisland
distances, and metallic percentage [22,25], providing an
opportunity for fine tuning the sensitivity through cosput-
tering in a manner not available using standard deposi-
tion methods for thick-film RuO, and thin-film oxynitride
MOKN,, resistors. Observations of a pronounced low-field
negative magnetoresistance [23] and reduced sensitivity
[20,21] at low temperature have, however, limited their
use for calorimetry and related measurements in mag-
netic fields [26]. These drawbacks turn out to arise from
the particular materials used. Here, we switch from ele-
mental metals to low-magnetoresistance metallic alloys
and show that cosputtering of such alloys with SiO, in a
reactive-oxygen plus inert-gas mixture produces resistive
thin-film thermometers with both a high sensitivity over
an extended temperature range and a significantly reduced
magnetoresistance at low temperatures.

II. METHODS
A. Thin-film fabrication

In a first set of depositions, thin-film cermets were
produced by the cosputtering of nichrome (NiggCryo,

abbreviated here as Ni-Cr) and SiO, targets onto an insu-
lating 150-nm-thick silicon-nitride-coated silicon substrate
at room temperature (1000-nm silicon-oxide-coated silicon
substrates produce equivalent results). Prior to deposition,
the chamber was pumped down to a base pressure of
< 2 x 1078 Torr. The films were cosputtered in a work-
ing gas of Ar at 3 mTorr and a flow rate of 25 sccm.
Typical deposition rates were 0.8—1.8 nm/min for Ni-Cr
and 0.5-0.6 nm/min for SiO,. Completed thin films had a
thickness of 50—60 nm. The final composition was labeled
by the Ni-Cr deposition fraction.

In a second set of depositions, a dilute Ar-O, mixture
was substituted for pure Ar as the working gas. Typi-
cal deposition rates were 1.8-2.5 nm/min for Ni-Cr and
0.5-0.8 nm/min for SiO,, producing thin films on the
order of 50-60 nm. A protective cap of 15-nm-thick SiO,
was deposited on top of the cermet films to prevent any
subsequent reaction with the atmosphere. The depositions
were done at a deposition pressure of 3 mTorr and a
flow rate of 25 sccm Ar, with O, flow rates varying from
0.10-0.18 sccm. Before deposition, the chamber was pre-
treated with a Ar-O, gas mixture (4:1 flow-rate ratio, 30
mTorr, 5 min at room temperature). This pretreatment
occurred after the chamber reached its base pressure of
< 2 x 1078 Torr and just prior to moving the sample from
the load lock into the deposition chamber.

We note that base pressures and control over pretreat-
ment conditions for different sputtering systems have a
significant influence on the quality of the deposited films
and their resulting temperature dependence. The results are
strongly detrimentally affected by the presence of residual
gases and/or oxygen-gettering materials left on the cham-
ber walls from prior depositions. We have found that an
ultrahigh vacuum and careful pretreatment of the sput-
ter chamber (as described above) are needed to obtain
reproducible results.

B. TEM

Plan-view TEM samples were prepared using well-
known methods [27,28]. Briefly, 3-mm-diameter disks
were cut from cermet films deposited on SiO,-coated 280-
pm-thick silicon substrates. A hand-polishing tool was
used to polish the backside of the disks to a thickness
of about 100 wm and a dimple grinder was used to pol-
ish the center of the disk to a thickness of approximately
5 pwm. The samples were then placed in an ion mill (3 keV
argon, 0.1 mA, at approximately 10° glancing incidence)
and thinned from the backside until a small hole formed in
the center. Images were made in the electron-transparent
regions adjacent to the hole using a JEOL JEM-400 trans-
mission electron microscope operated at 100 kV. The
particle size was estimated by drawing a line of known
length across the photograph and dividing the length by
the number of particles along the line. This was done 3

054016-2



CERAMIC-METAL-ALLOY THERMOMETERS...

PHYS. REV. APPLIED 20, 054016 (2023)

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

C. Resistance measurements

All resistance measurements were performed at a
temperature-dependent power (about 10 fW at 0.1 K, 1
pW at 1 K, and 10 nW at 100 K) chosen to avoid sys-
tematic errors due to self-heating. Magnetoresistance mea-
surements require a constant temperature while sweeping
a magnetic field; this was done by integrating the stud-
ied thermometer into a membrane-based nanocalorimeter
[1]. A constant temperature was then obtained through
a local-temperature offset heater at constant total heater
power, raising the calorimeter-thermometer temperature
above that of the cryostat bath. Measurements up to 12
T were taken in a dilution refrigerator with a stable base
temperature below 10 mK (a dilution unit in a compen-
sated magnetic field). The weak thermal coupling between
the studied thermometer on the calorimeter and the thermal
bath provides a very stable temperature that is insensi-
tive to magnetic 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 supplied to the calorimeter area and assuming that
the calorimeter thermal link is magnetic field independent.
Measurements at low calorimeter power with insignificant
offset heating but with stabilized base temperature up to 4
K confirm this assumption. Measurements at higher fields
were taken at NHMFL in the same way, using a He sys-
tem. Magnetic field sweeps below 1 K were performed at
very slow ramp rates (below 0.2 mT/s).

III. RESULTS

A. Temperature dependence

The temperature-dependent resistivities p(7) (at zero
field) for the first set of depositions (in argon) are shown in
Fig. 1. Importantly, there is a crossover in the slope of the
low-temperature dimensionless sensitivity from positive to
negative with increasing metal percentage, with a nearly
constant dimensionless sensitivity of 0.1 at 66.5% Ni-Cr
metal fraction. This indicates that our samples span the
transition region between insulating and metallic behav-
ior [29]. Both the resistivity and the sensitivity increase
with decreasing temperature for insulating samples, with
the 62.5% sample representing the lower limit for the metal
concentration for this particular cosputtering method (due
to the large difference in metal and insulator sputtering
rates).

In Fig. 2, the results from the second set of depositions in
an Ar-O; atmosphere are shown for a set of three films (A,
B, and C) deposited at constant Ni-Cr and SiO; sputtering
rates but with differing oxygen flow rates. Also shown is

T T T

Ni—Cr (%)

62.5

107

Resistivity (Q m)

107

1 10 100
T (K)

FIG. 1. The temperature-dependent resistivity as a function
of the Ni-Cr percentage by volume for (Ni-Cr, SiO;) cermets
cosputtered in argon at 3 mTorr.

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 the temperature dependence
of the resistivity and sensitivity between samples A, B, and
C produced by small changes in the oxygen flow rate from
0.13 to 0.17 sccm illustrate the sensitive dependence of the
thermometer properties on the oxygen concentration. The
relative effect of changes in the metal sputtering rate and
the oxygen flow rate is illustrated by sample D, deposited
at both a lower oxygen flow and a lower metal-deposition
rate. An increase in the oxygen flow rate thus contributes
to the crossover from metallic to insulating behavior in a
manner similar to an increase in the SiO; sputtering rate.
These as-deposited films—capped by a thin insulating
layer of SiO, to protect against humidity and further oxi-
dation—are remarkably stable. To within the resolution of
our measurements, no shifts in calibration were seen in
samples remeasured 5 years later. With the exception of the
highest resistivity samples (such as sample A in Fig. 2), no
shifts in calibration were observed after annealing for 1 h
at 350°C, nor after an additional 10 min at 380°C. For the
highest-resistivity samples, a small decrease in resistivity
is sometimes seen at low temperatures after a first anneal
but no further changes are seen with additional anneals.

B. TEM

The plan-view TEM micrographs in Fig. 3 show cermet
films grown at constant Ni-Cr and SiO, sputtering rates but
with differing oxygen flow rates. The micrographs indi-
cate that the change to more insulating properties arises
from a decrease in the average metal-island size with
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FIG. 2. Measured resistivities p(7) for different oxygen flow
levels during cosputtering. Increasing the oxygen flow rate
induces a transition from metallic to insulating behavior. Films
A, B, and C were deposited at a Ni-Cr rate of 2.81 nm/min and
an SiO; rate of 0.78 nm/min, with oxygen flow rates of 0.17,
0.16, and 0.13 sccm, respectively. Film D was deposited at a Ni-
Cr rate of 1.99 nm/min and an SiO, 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 dimensionless sensitivity of film
D is nearly ideal for a wide-range sensor, increasing from 0.5 at
100K to 1.0 at 0.2 K.

increasing oxygen concentration. Figure 4 shows TEM
micrographs as a function of an increasing metal:insulator
sputtering-rate ratio at constant oxygen concentration. The
metal-island size at any given oxygen flow rate is seen to
increase with an increasing metal:insulator sputtering-rate
ratio. Samples grown without O, show the same trend—an
increasing island size with greater metal content—but the

island sizes tend to be larger when sputtered without oxy-
gen, 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, 7 < 1.1 K,
and the highest temperatures, 7 2> 230 K. The size of the
negative-magnetoresistance term increases with decreas-
ing temperature down to 40 K [see Fig. 5(c)] and then
becomes smaller again at still lower temperatures [see
Figs. 5(a) and 5(b)]. Near room temperature, the mag-
netoresistance is positive and linear with the field. The
magnetoresistance at high magnetic fields increases lin-
early with the field at all temperatures, as seen in Fig. 6.
For the studied samples, the zero-field dimensionless sen-
sitivity varies between 0.28 and 0.38 over the temperature
range. The maximum effect of the magnetic field on the
apparent temperature at any temperature is only 2%.

IV. DISCUSSION

A. Temperature dependence

One useful physical model [29,30] for the temperature-
dependent resistivity p(7) 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 tempera-
ture. We represent this here by a phenomenological
extended variable-range-hopping model incorporating a
crossover from stretched exponential to augmented power-
law dependence [29] for films close to the metal-insulator

transition:
To\" v
p(T) = po [1 + (70) ]e”o/” : (1)

20 nm

FIG. 3.

20 nm 20 nm

Plan-view TEM micrographs of cermet films grown with varying O, flow conditions producing (a) higher than optimal, (b)

optimal, and (c) lower than optimal p versus T characteristics. Larger metal-particle sizes correlate with lower sensitivity. All films are
cosputtered in an Ar-O, mixture at a working pressure of 3 mTorr, with an argon flow of 25 sccm.

054016-4



CERAMIC-METAL-ALLOY THERMOMETERS...

PHYS. REV. APPLIED 20, 054016 (2023)

TABLE I. The film-growth parameters for Figs. 3 and 4.

Figure Ni-Crrate SiO, rate RrT O, flow Diameter

(nm/min) (nm/min) k) (sccm) (nm)
3(a) 2.10 0.58 30-35 0.15 3.1
3(b) 2.10 0.58 1.2-1.3 0.12 4.4
3(c) 2.10 0.58 043048 0.10 5.7
4(a) 2.60 0.80 2.0-2.8 0.19 2.8
4(b) 2.74 0.80 1.5-2.0 0.19 32
4(c) 2.95 0.80 0.75-0.85  0.19 3.6

where kz Ty represents a characteristic energy for variable-
range hopping between adjacent metal islands in an insu-
lating medium, v is a measure of the power-law sensitivity,
the value of which depends (in part) on the distribution of
the effective distances, and py is a scaling parameter equal
to the residual resistivity in the 7 — oo high-temperature
limit. pg, T, and v all depend on the metal-island percent-
age x.

We find that the p(T) curves in Fig. 1 for (Ni-Cr, SiO,)
cermets cosputtered in a pure argon atmosphere are well
described by Eq. (1) for Ni-Cr percentages near a metal-
insulator transition at xyyr; the dependence of py on the
metal concentration x can be modeled in terms of perco-
lation theory [31]. Details and limitations of the modeling
are discussed in the Appendix.

Experimentally, the residual resistivity pg, the power-
law coefficient v, and the hopping temperature 7; all
decrease with an increasing metal percentage. As a result,
materials described by this model exhibit a trade-off: an
increasing sensitivity v leads to a higher residual resistivity
Po-

There is a notable resemblance between the temperature
dependence shown in Fig. 1 and that seen for 100-nm-thick
Ni,(Si0O;), -, cermets [21] cosputtered in argon for atomic
percentages ranging from x = 0.6 to x = 0.9, having Ni

20 nm

metal-island sizes ranging from 5 to 10 nm for insulating
films.

We observe a room-temperature resistivity of 200 p2 m
at 62.5% Ni-Cr, while the reported value for 66% Ni
cermet with a comparable temperature dependence is
670 w2 m [21]. Comparable sensitivities lead to similar
room-temperature resistivities, albeit at measurably higher
metal percentages for the Ni-based than Ni-Cr—based
materials. A main difference, however, is in the low-
temperature sensitivity, which abruptly decreases below 2
K for the Ni-based cermets. This decrease in sensitivity
around 2 K has also been seen for Pt-based cermets [20].
A second difference is the larger effect of magnetoresis-
tance at low temperature when using the Ni-based films as
thermometers [21].

Our results shown here in Fig. 1—in particular, the
crossover from metallic to strongly temperature-dependent
insulating behavior and low-temperature magnetoresis-
tance—also bear some resemblance to results observed
between 1 K and 4 K for thin-metal-film thermometers
formed from a film consisting of discontinuous metal
islands of Ni-Cr sandwiched between two thick SiO,
layers [32]. The temperature dependence above 4 K
has not been reported, however, as the films studied
in Ref. [32] are unstable at room temperature, typically
increasing in resistance by an order of magnitude after
30 days.

B. Dimensionless sensitivity

Unlike the films sputtered in a pure Ar atmosphere (Fig.
1), the oxygen-grown films (Fig. 2) retain a higher sensitiv-
ity even at room temperature, combined with an even lower
room-temperature resistivity, making these films suitable
for calorimetry at temperatures up to and including room
temperature. For film D in Fig. 2, the dimensionless sen-
sitivity increases from a minimum of 0.5 at 100 K to a

20 nm

FIG. 4. Plan-view TEM micrographs of cermet films grown with varying metal sputtering rates producing (a) higher than optimal,
(b) optimal, and (c) lower than optimal p versus T characteristics. Films with a higher metal rate (keeping the same O, flow rate and
Si0; sputtering rate) lead to an increase in the average metal-island size. All films are cosputtered in an Ar-O, mixture at a working

pressure of 3 mTorr, with an argon flow of 25 sccm.
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FIG. 5. The magnetoresistance as a function of the magnetic
field up to 12 T, at various temperatures for (Ni-Cr, SiO;) films
cosputtered in O, and Ar at 3 mTorr pressure. The thermometer
films have room-temperature resistivities around 7 x 107> Q m
and show a temperature dependence similar to film B in Fig. 2.
(a) The measured temperature within 10-mK windows. Below
150 mK, the effect of the magnetic field sweep on the actual
temperature affects the accuracy of the magnetoresistance. (b)
magnetoresistance data below 40 K. (c) magnetoresistance above
40 K. The magnetoresistance at higher temperatures is composed
of a negative low-field magnetoresistance and a linear positive
high-field magnetoresistance.

maximum of 1.0 at 0.2 K, a sensitivity comparable to that
seen in commercially available thin-film metal oxynitride
ZrO.N, resistors [6]. In Fig. 7, curves with a compara-
ble resistivity at 1 K, fabricated with Ar only and an Ar
plus O, atmosphere, are compared. As seen in the figure,

0.8

| TK) |

06 - e T
2.1
118

(Ry-Ry)Ry (%)

. ! . ! . ! .
0 10 20 30 40

Magnetic field (T)

FIG. 6. The magnetoresistance as a function of the magnetic
field up to 35 T at various temperatures, expressed as the rela-
tive resistance change. The curve at 1.7 K is affected by elec-
tronic noise, sporadically changing the temperature by a few
millikelvin. The thermometer film has a room-temperature resis-
tivity value of 9.17 x 107> © m and the temperature-dependence
curve lies between films B and D in Fig. 2.

the room-temperature resistivity is significantly lower for
the (Ar plus O,)-grown samples. Within each preparation
method, we also see that we can infer the low-temperature
resistance of any particular (Ni-Cr, SiO,) film from its
room-temperature value. This implies that two identically
prepared films with the same room-temperature resistivity
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 plus insulator cermets in at least two ways. First,
sputtering in a reactive-oxygen atmosphere is expected to
improve the stoichiometry of the sputtered SiO, [33,34]
and may prevent the possible formation of metal silicides.
Second, as the oxygen flow rate is increased, some Cr in
NiggCrg, may react to form Cr,O3; due to the preferen-
tial oxidation of Cr. Put together, more insulator should
be deposited when O, is present in the working gas. Con-
sistent with this expectation, we find that we can use
higher metal-deposition rates when using a dilute Ar-O,
working-gas mixture instead of 100% Ar to obtain films
with comparable room-temperature resistivity.

While the effect on cluster size with a changing
metal:insulator ratio, shown in Figs. 3 and 4 is clear, the
net effect for films with similar low-temperature behav-
ior is rather subtle. Films grown in Ar behave similarly
to those grown in Ar plus O,. We find slightly larger island
sizes for optimal films in the absence of oxygen but the
effect is weak, less than approximately 1 nm. A more likely
explanation for the effect of oxygen is that the barriers
between clusters are improved, affecting the exponent v
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FIG. 7. A comparison of the temperature-dependent resistiv-

ities of (Ni-Cr, SiO;) films fabricated in both Ar and Ar plus
0O, environments. Curves have been selected to match at about
1 K. Co sputtering in a reactive mixed Ar plus O, atmosphere
yields films with significantly greater sensitivity between 10 K
and room temperature. The inset describes the resistivity ratio as
a function of the room-temperature resistivity for the two fabri-
cation methods. Materials in the same fabrication family obey a
common curve, allowing a quick comparison of materials.

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 magnetoresis-
tance is always helpful, but it is the magnitude of the mag-
netic field induced effect on the temperature reading rather
than the magnetoresistance itself that is the most important
consideration. For the (Ni-Cr, SiO;) sensors shown in Figs.
5 and 6, the magnetic field induced fractional change in the
apparent temperature A7/ Ty is less than 2% over the entire
temperature and field ranges measured (75 mK to 300 K
and 041 T). The low values of AT/Ty observed here are
a significant improvement over that typically observed for
ruthenium oxide sensors [5,16]—Ref. [5] reports a 28%
change in AT/T, at 0.62 K in a 32 T field—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 temper-
ature independent, and is thus easily corrected for using
methods that some of us have presented elsewhere [15].
The decrease in negative magnetoresistance with decreas-
ing 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  and related MO,N, thin film, Au-
Ge thin film, and RuO, thick-film resistors. An increase is
also seen for the (Ni, Si0,) cermet [21]. Our understanding
of magnetoresistance in granular metals such as the cer-
mets presented here is incomplete and continues to evolve
[22,25,35]. That said, the most common explanation for
negative magnetoresistance in elemental metals with long
mean free paths is the destruction of coherent backscatter-
ing due to the application of the magnetic field. Coherent
backscattering increases the resistivity of the material at
zero field; destroying that coherence by magnetic field
leads to a decrease in resistivity.

A main difference between pure-metal cermets and cer-
mets based on alloys is the decreased mean free path of the
alloy. A short enough mean free path minimizes any coher-
ent backscattering and similar magnetoresistance effects.
High-resistivity alloys, including Ni-Cr [36,37], are in the
Mott-loffe-Regel limit [38,39], characterized by electronic
mean free paths comparable to the interatomic distance.
Comparing metals and various high-resistivity materials
such as constantan, nichrome, and phosphor bronze, it is
seen that the higher the ratio between room-temperature
and low-temperature resistivity, the larger is the mag-
netoresistance at low temperature [40]. Thus, disorder-
induced electron scattering by defects and introduced
impurities are known to suppress magnetoresistance. Here,
the isolated metal grains in combination with the use of
a low-magnetoresistance metal alloy provides a means of
producing a useful temperature dependence without intro-
ducing high magnetoresistance in a material with a mean
free path that evidently remains in the Mott-loffe-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 Ni-Cr is described in detail in Ref.
[41]. In these materials, scattering can be understood in
terms of disorder smearing of the Fermi surface, originat-
ing from potential site-to-site fluctuations [41]. The maxi-
mum 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 (antiferromagnetic 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 resis-
tivity and, by implication, a larger magnetoresistance at the
lowest temperatures.

The preferred choice of metal alloy for a particular cer-
met thermometry application will depend on additional
considerations such as the magnetic susceptibility, the
magnetic field dependence of the specific heat, and the
suitability of the material for use in a sputtering system.
In this regard, we have found promising indications that
results similar to those presented here can be obtained by
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replacing Ni-Cr with an arc-melted TiCr alloy (7% Ti by
volume), which is sometimes used in calorimetric applica-
tions [42] as a less magnetic alternative to Ni-Cr for heater
elements.

V. CONCLUSIONS

In conclusion, we have found that metal-ceramic com-
posite thin films—in particular (NiggCrg,, SiO,)—fulfill
all the requirements expected for thin-film-thermometer
materials for measurement 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 sensi-
tivity 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 predictable low-temperature sensitivity and their
magnetoresistance is found to be less than 1% at all studied
temperatures. Cosputtering the films in an atmosphere with
a small amount of oxygen extends the useful temperature
range of the resistive thin films by simultaneously increas-
ing the sensitivity and decreasing the room-temperature
resistivity (compared to sputtering in 100% Ar). The room-
temperature resistivity and sensitivity can be further fine
tuned by small changes in the metal-to-insulator sputtering
rate ratio.
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APPENDIX: EXTENDED
VARIABLE-RANGE-HOPPING MODEL

In this appendix, we test the ability of the extended
variable-range-hopping model [29] introduced to describe
the temperature dependence of the resistivity (in the
absence of an applied magnetic field). We also present
corresponding graphs for the temperature-dependent log-
arithmic sensitivity S. We find that the model describes the
temperature dependence of the cosputtered (Ni-Cr, SiO;)

films deposited in a pure-argon atmosphere at all temper-
atures—even at temperatures well above the characteristic
hopping-energy temperature 75—but fails to fully account
for the temperature dependence of films cosputtered in a
mixed argon plus oxygen atmosphere.

1. Variable-range-hopping model

We start with the expression given by Eq. (1) for the
extended variable-range-hopping resistivity [29]. Expand-
ing this expression in the high-temperature limit, using
8= (Ty/T)" <K 1, gives

= Lo,

P(T) |100 = po (1 +5)<1 +5+152...>
§—0 (Al)

2

indicating that the scaling parameter py corresponds to the
theoretically expected (constant) residual resistivity. The
logarithmic sensitivity S is given by

T dp(T)

p(D) dT ~

dlogT RdT
where the resistance R is related to the resistivity p as R =
(L/A)p for a thin film with length L, width w, thickness d,
and cross-section area 4 = wd.

In calorimetry, the logarithmic sensitivity is important
because the measurement resolution depends directly on
the smallest resolvable temperature change, AT |y,. This is
inversely proportional to S for a given minimum resolvable
fractional change in resistance (AR/R)min:

1 /(AR
min = — 5| 5 T
S R min

Applying Egs. (A1) to (A2) in the high-temperature limit,

we find that
T v
=1y = 2V (7())

In this 7' > T approximation, a constant power-law sensi-
tivity v corresponds to an increasing numerical value for
the logarithmic sensitivity as 7" decreases, with S expected
to approach a reference value of 2v as T approaches Tj.

AT

(A3)

S (A4)

2. Cermets sputtered in an inert argon atmosphere

Figure 8 shows fits of the empirical variable-range-
hopping model [Eq. (1)] to data for various Ni-Cr concen-
trations. These represent a subset of the data presented in
Fig. 1 for Ni-Cr percentages ranging from 63% to 66.5%.
As seen in Fig. 8, the temperature-dependent resistivity
o (T) of these films can be fitted to the model of Eq. (1)
over the entire temperature range from 0.2 K to 300 K. The
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FIG. 8. The fit of the extended variable-range-hopping model

to data for various Ni-Cr concentrations. The solid lines corre-
spond to data and the dashed lines to the corresponding model
fits to Eq. (1).

corresponding sensitivities for the data presented in Fig. 1
are shown in Fig. 9. Note how the slope dS/dT of the sen-
sitivity 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 II.

As seen from Table 11, the scaling temperature 7 in this
model does not appear independently of the power-law

T T T
— 62.5%
63.0%
64.0%
— 64.5%
10°
S
(o))
o
2
s
(o))
o
°
1107t
[
w0
10—2 1 1 1
10° 10! 10?
T(K)
FIG. 9. The logarithmic (dimensionless) sensitivity S for the

films shown in Fig. (1).

TABLE II. The dependence of the variable-range-hopping fit-
ting parameters found from a nonlinear least-squares fit to Eq.
(1) on the Ni-Cr metal percentage for (Ni-Cr, SiO;) cermets
cosputtered in pure argon.

Metal (%) po (L2 m) To (K) v

63.0 57.0(2) 14.92) 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)

sensitivity v. Instead, it appears only in the combined
expression 7”. As a result, we do not assign theoretical
significance to the particular numerical values found here
for Ty and v. For our purposes, it suffices to see that they
combine to produce an overall decreasing logarithmic sen-
sitivity S with an increasing metal percentage, as expected,
and that the model given by Egs. (1) and (A2) provides us
with a useful means of estimating the temperature depen-
dence of p(7) and S from the measured room-temperature
resistance.

The values for py of Table II decrease as the metal
percentage increases, as expected. However, the listed pg
values are still an order of magnitude larger than the resis-
tivity p &~ 1.1 w2 m for nichrome (NiggCrg) [36]. 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 Ni-Cr [36] is much smaller than the 2—5-
nm Ni-Cr metal grain size, indicating that the enhanced
resistivity is an intergrain effect [22]. We thus tentatively
attribute the enhancement of p; to the proximity to the per-
colation threshold with narrow conduction paths through
the material [31].

In the transition region of percolation near the percola-
tion threshold [31,43,44], the conduction-path contribution
to the resistivity is as follows:
forx > x. ,

P T) i, = (D) (x/xe = )77 (A5)
where x is the metal percentage, x. is the percolation
threshold—the metal percentage at which a narrow but
continuous transport network is formed by the metallic
grains—and «(7) represents the temperature dependence
for a given x and x,. 8 is a critical exponent that depends on
dimensionality, with 8 — 2 in the three-dimensional limit
[31,44].

As the metal percentage decreases as x approaches x.,
the resistivity p(x) at any fixed T increases and thus so
does py from our model. The critical value x. depends on
dimensionality and sample-preparation conditions, includ-
ing deposition and annealing temperatures, as these can
affect cluster sizes and distributions. Experimentally [31],
values ranging from 0.54 to 0.62 have been observed for
cosputtered Au and SiO;. Here, if our materials are in this
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FIG. 10. The fit of the percolation model [Eq. (A5)] for the
dependence of the residual resistivity py to data presented in
Table II. The calculated curve corresponds to a percolation
threshold x, = 0.59 £ 0.1, with py set equal to the bulk resistivity
for Ni-Cr in the x = 1 continuous thin-film limit.

limit, then x, < 62.5%. A representative fit of Eq. (A5) to
the data in Table II with x, =0.59 0.1, 8 =1.7+0.2
and pg set equal to 1.15 w2 m in the continuous Ni-Cr
thick-film x = 1 limit is shown in Fig. 10.

In percolation theory [31], there is an intermediate
weak-localization region between the classical percolation
limit x,. and the classical metallic behavior for x > xpt. As
a result, the numerical value for the percolation threshold
x. calculated from the inferred high-temperature residual
resistivity po using Eq. (1) will be less than the numer-
ical value for the metal-insulator transition xpqr inferred
from the measured low-temperature logarithmic sensitiv-
ity. Assigning xygr to the metal concentration at which
dS/dT changes sign from positive to negative [29], we find
xmrt ~ 0.665. Thus, with the exception of the x = 0.68
film, the (Ni-Cr, SiO;) cermets presented here are in that
intermediate regime, x, < X < XuiT.

3. Cermets sputtered in a mixed argon plus oxygen
atmosphere

The effect of cosputtering in a reactive-oxygen plus
argon atmosphere on the temperature dependence of o (7)
is discussed in detail in the main text. Here, we add a graph
of the dependence of the logarithmic sensitivity S for the
insulating-side films shown in Fig. 2. As shown in Fig.
11, the sensitivity increases as the oxygen concentration
increases. Attractively, film B exhibits a nearly constant
sensitivity of § & 0.4 between 0.1 K and 100 K. The
increase in sensitivity with increasing temperature above
100 K for the insulating-side films indicates that sputtering
in a reactive-oxygen atmosphere introduces new physics
near room temperature that is not included in Eq. (1).

—— film A: 0.17 sccm O,
—— film B: 0.16 sccm O,
film C: 0.13 sccm O,

10!

10°

1071

= —d log(p) /d log(T)

1072
107! 10° 10! 10?
T(K)
FIG. 11. The logarithmic (dimensionless) sensitivity S for a

series of films sputtered in a mixed argon plus oxygen atmo-
sphere at differing oxygen flow rates. These films correspond
to the p(7) graphs for films A, B, and C shown in Fig. 2.
The slope dS/dT changes from negative to positive as the
films change from metallic to insulating with increasing oxy-
gen flow rate. The increase in sensitivity at high temperature that
occurs in films A and B is not accounted for by the extended
variable-range-hopping model in Fig. 8.
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