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Magnetic resonance imaging (MRI) enables noninvasive three-dimensional thermometry, which has
potential applications in biological tissues and engineering systems. In biological tissues, where MRI
is routinely used to monitor temperature during thermal therapies, T1 or T2 contrast in water are rela-
tively insensitive to temperature, and techniques with greater temperature sensitivity, such as chemical
shift or diffusion imaging, suffer from motional artifacts and long scan times. MR thermometry is not
well developed for nonbiological or engineering systems. We describe an approach for highly sensitive
and high-throughput MR thermometry that is not susceptible to motional artifacts and could be applied
to various biological systems and engineering fluids. We use superparamagnetic iron-oxide nanoparti-
cles (SPIONs) to spoil T2 of water protons. Motional narrowing results in proportionality between T2

and the diffusion constant, dependent only on the temperature in a specific environment. Our results
show, for pure water, the nuclear magnetic resonance linewidth and T2 follow the same temperature
dependence as the self-diffusion constant of water. Thus, a T2 mapping is a diffusion mapping in the
presence of SPIONs, and T2 is a thermometer. For pure water, a T2 mapping of a 64 × 64 image (voxel
size = 0.5 mm × 0.5 mm × 3 mm) in a 9.4 T MRI scanner resulted in a temperature resolution of 0.5 K for
a scan time of 2 min. This indicates a highly sensitive and high-throughput MR thermometry technique
that potentially has a range of applications from thermal management fluids to biological tissues.

DOI: 10.1103/PhysRevApplied.19.014055

I. INTRODUCTION

Temperature monitoring in biological systems is use-
ful during thermal ablation of cancerous tissues to ensure
effective treatment and prevent collateral damage of
healthy tissues [1]. Temperature is also an indicator of
physiological processes [2], and therefore, accurate deter-
mination of temperature can be used for diagnosis of
diseases. In engineering systems, temperature monitoring
of heat sinks or heat-transfer fluids would be helpful to
ensure effective thermal management of devices [3].

Due to its ability to obtain noninvasive three-
dimensional (3D) images, MRI has been routinely used for
temperature monitoring during thermal therapies. Current
MRI thermometry in biological systems often utilizes the
temperature dependence of the spin-lattice relaxation time
(T1) of water protons [1]. T1 is sensitive to temperature as
it depends on the diffusion [4]. While the translational dif-
fusion in water is highly sensitive to temperature (a 1%
change in temperature corresponds to a 4% change in the
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diffusion constant at room temperature), the rotational dif-
fusion is not sensitive to temperature [4]. This results in
lowering the overall sensitivity of T1 to temperature. For
example, in pure water, a 1% change in temperature typ-
ically corresponds to a 3% change in T1 [1,4]. Due to
intrinsically long acquisition times used in T1 sequences
(inversion recovery or saturation recovery), a reasonable
acquisition time often results in a temperature resolution
of >1.5 K [5]. In many biological systems, due to fast dif-
fusion, water T2 is often limited by T1 and therefore, T2
imaging is also not a sensitive thermometer [1].

In water, highly sensitive MR temperature imaging is
performed with proton-resonance frequency- (PRF) shift
imaging, also known as chemical-shift imaging (CSI) [6].
The chemical shift of protons changes by approximately
0.01 ppm/K for water in most tissues due to the strong
temperature dependence of hydrogen bonding; since the
linewidth of water protons is very narrow, a temperature
resolution of approximately 0.5 K can be achieved with
chemical-shift imaging [6]. However, chemical-shift imag-
ing is extremely time consuming as the image is entirely
phase encoded [1]; an n × n image slice typically takes
n times greater scan time than T1 or T2 imaging. What
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is more, the need to obtain a baseline image for phase
contrast means that motion in between two images causes
significant motional artifacts [1].

In fluids where hydrogen bonding is not present,
a strong temperature dependence of chemical shift is
not expected [1]. Thus, CSI would not be a sensitive
thermometry in thermal management fluids other than
water.

For pure water, near room temperature, the translational
diffusion (D) is also highly temperature dependent due to
the strong temperature dependence of hydrogen bonding in
water [6]. The sensitivity coefficient, which describes the
percentage change in the diffusion constant created by a
1% change in temperature is approximately 4 [7]. The sen-
sitivity coefficient is similar for water protons in different
tissues [8–10].

The translational diffusion constants of mineral oils
with large molecules, which could be used as dielectric
fluids for cooling applications, also show a strong temper-
ature dependence [11]. Engineered dielectric fluids used
for heat-transfer applications also show a strong temper-
ature dependence of kinematic viscosity [12] and can be
expected to have a strong temperature dependence on dif-
fusion. Therefore, the translational diffusion constant can
be a sensitive thermometer in both biological systems and
in thermal management fluids.

Diffusion mapping, however, requires long acquisition
times and suffers from interscan gradient instabilities [4].
More significantly, similar to CSI, a diffusion mapped MRI
image is susceptible to interscan motional artifacts [4].
This restricts the application of diffusion mapping in living
organisms as well as in fluid-cooled engineering systems
where fluid motion enhances heat transfer.

Apart from MR thermometry using intrinsic properties,
such as relaxation times, diffusion constant, or chemical
shift, various thermometry techniques have been suggested
utilizing MR contrast agents. Among these, phase change
contrast agents have been proposed as thermometers [1].
However, phase change contrast agents only provide a
semiquantitative means of thermometry. Some recent ther-
mometry techniques utilizing contrast agents includes con-
trast agents that induce large temperature dependence of
chemical shifts (1 ppm/K) [13] or field inhomogeneities
(or equivalently T2*) [14]. While CSI is limited in practical
application due to long scan times and motional artifacts,
T2* imaging utilizing the temperature dependence of mag-
netization is limited in temperature range and is susceptible
to external field inhomogeneities.

Superparamagnetic nanoparticles of Fe3O4 are routinely
used in biological systems for targeted drug delivery [15],
MR T1/T2 contrast [16], and magnetic particle imaging
[17]. The synthesis and biomedical applications of super-
paramagnetic Fe3O4 is reviewed in Ref. [18]. Here, we
demonstrate a highly sensitive method utilizing Fe3O4
nanoparticles as T2 contrast agents, in which we image

diffusion, and therefore temperature, as a form of T2
contrast.

T2 contrast imaging is significantly faster than conven-
tional diffusion or PRF-shift imaging [1]. What is more,
T2 contrast or mapping does not require a baseline image
[1], making this method of thermometry less susceptible
to interscan motional artifacts compared to diffusion or
chemical-shift mapping.

SPIONs show almost no cytotoxicity in most cells up
to a SPION volume fraction of 20 ppm [19]. The dif-
fusion constant of water in tissues [8,10] and the self-
diffusion constant of dielectric fluids have strong tempera-
ture dependence. Therefore, this thermometry technique is
potentially utilizable in several biological and engineering
applications.

II. THEORY

The strong magnetization of the superparamagnetic par-
ticles introduces field inhomogeneities and increases the
transverse relaxation rate, R2, in a liquid [20–23], i.e.,

R2 = R2, 0 + R2, S. (1)

Here, R2,0 is the relaxation rate in a liquid in the absence
of the SPIONs and R2,S is the relaxation rate due to the
SPIONs.

As long as the correlation time of protons to diffuse
past the SPION (τc = d2/4D, where, d is the diameter
of a SPION and D is the translational diffusion constant
of protons in the liquid) is smaller than the reciprocal of
the resonance frequency shift corresponding to the field
inhomogeneity induced by the SPOIN, i.e., �ωτc ≤ 1,
motional narrowing occurs. When motional narrowing
takes place, the relaxation induced by SPIONs can be esti-
mated by outer sphere theory of the relaxation of protons
in the presence of paramagnetic impurities [20–23]:

R2, S = 1
T∗

2
= 5

9
vf τc(�ω)2. (2)

Here, vf is the volume fraction of the SPIONs in the liq-
uid and τ c is the correlation time of the proton, �ω is the
average frequency shift of a proton adjacent to the surface
of the SPION and is given by

�ω =
√

4
5

γμ0Mp

3
. (3)

Here, γ = 267.52 Mrad/T is the gyromagnetic ration of the
proton, μ0 is the permeability of free space and Mp is the
magnetization of an individual SPION. Our NMR mea-
surements (see Sec. IV below) show that the outer sphere
theory describes our data extremely well (within a factor
of 1.2), and Eq. (2) is a reliable estimate of the relaxation
rate due to SPIONs.
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If the relaxation rate induced by SPIONs is much greater
than the natural relaxation rate of a proton in a liquid, i.e.,
R2 = R2,0 + R2,SPION ≈ R2, SPION, and a T2 experiment sat-
isfies τ c � Techo, echo pulses are unable to recover the
relaxation of protons due to SPIONs [21], and

1
T2

= 1
T2∗ = R2, S = avf τc(�ω)2

= avf
d2

4D

(
(γ /2π)μ0Mp

3

)2

. (4)

Therefore, in the motional narrowing regime, if the mag-
netization of the SPIONs remain constant, and Techo � τ c,
proton T2 in the presence of SPIONs scales linearly with
the diffusion constant D, and T2 contrast imaging is essen-
tially equivalent to diffusion contrast imaging.

In using the outer sphere theory, we neglect the overlap
of magnetic fields induced by individual SPIONs. Even for
a volume of SPIONs as high as 1000 ppm, the average dis-
tance between the nanoparticles is approximately120 nm.
Since the magnetic field due to dipole decreases as 1/r3

[23], the average field experienced by one SPION due
to another SPION is less than 0.1% of the average field
experienced by water molecules. Therefore, the magnetic
interaction between the SPIONs can be neglected.

According to the outer sphere theory, the temperature
dependence of the relaxation time comes from the tempera-
ture dependence of the self-diffusion constant and the tem-
perature dependence of the magnetization of the nanopar-
ticles. Near room temperature, a 1% change in absolute
temperature results in approximately a 4% change in the
self-diffusion constant of water [7]; therefore, the sensi-
tivity of the change in-diffusion constant is 4. For Fe3O4
nanoparticles, the change in magnetization with temper-
ature is small until the temperature approaches the Curie
temperature (858 K for bulk Fe3O4 and approximately
850 K for 15-nm particles [24]). For Fe3O4 with diam-
eter approximately 15 nm, the magnetization decreases
approximately 6% when the temperature increases by 27%,
from 278 K (5° C) to 353 K (80° C) [25]. Thus, the sen-
sitivity of the change in magnetization to temperature is
approximately 0.2. Since both the increase in the self-
diffusion constant and the decrease in magnetization cause
an increase in the relaxation time (T2), the sensitivity of
our method in pure water is approximately 4.2.

III. METHODS

A. SQUID magnetometry

We use commercially available Fe3O4 nanoparticles in
our experiments. Fe3O4 nanoparticles suspended in water
are purchased from Sigma Aldrich (Product: 900043-
5ML). Sigma Aldrich specified the concentration of par-
ticles in water to be 5 mg/ml using inductively coupled

plasma (ICP) analysis. Superconducting quantum inter-
ference device (SQUID) magnetometry is performed to
confirm superparamagnetic behavior and to estimate the
magnetic moment and magnetization of the nanoparticles.

SQUID magnetometry is performed on a Quantum
Design MPMS 3 at 300 K with a field sweep from −0.3 T
to 0.3 T. Colloidal suspension of iron-oxide nanoparti-
cles (0.18 ml) is held using a liquid sample holder (QD
8505-013).

B. NMR measurements

NMR linewidth and T2 measurements are performed
using a Varian Unity/Inova system using a 14.1-T
(600 MHz) field and a 5-mm broadband probe. Free induc-
tion decay (FID) spectra are collected at different temper-
atures using a relaxation delay (d1) of 4 s, an acquisition
time of 1 s, a spectral width of 15 kHz, and with four
signal averages. Shimming the magnetic field is not possi-
ble for samples with the superparamagnetic particles, and
the shim conditions for pure water are used for samples
with the particles. A CPMG pulse sequence [26] is used
for determination of T2 with a pulse spacing of 100 μs
with all other acquisition parameters identical to the FID
measurements.

Sample temperature in the NMR probe are calibrated
using the spectra of ethylene glycol above 35° C and using
methanol from 5° C to 35° C at specific temperature set
points controlled by a FTS temperature-control system
[27].

Linewidth and T2 values are determined after data pro-
cessing in Mnova.

C. MRI measurements

MRI measurements are performed using a Bruker
BioSpec 9.4-T preclinical MRI system using an 80-mm
volume coil. Isothermal T2 and T2* measurements are per-
formed on a 3-mm coronal slice (along the cross section of
a cylindrical sample holder) with an image size of 64 × 64
pixels and a voxel size of 0.5 × 0.5 mm2 (×3 mm). T2
mapping is obtained using a multispin multisecho (MSME)
sequence [28] with an echo spacing of 5 ms and a total of
12 echo images. T2* mapping is performed using multigra-
dient echo T2* map sequence with gradient echo spacing
of 5 ms. A relaxation delay of 2 s is used for all acquisition.
The signal is averaged 2 times. Both T2 mapping and T2*
mapping resulted in a total acquisition time of 2 min and
20 s.

Isothermal heating of the samples is performed using a
water pillow with heated water supplied using a Thermo
Scientific Precision water bath. The isothermal condition
of a MR slice is confirmed using two type-T thermocouples
adjacent to the slice.
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Image-intensity analysis for T2 and T2* mapping, as
well as measurement of average variation in T2 and T2*,
are performed using MATLAB.

IV. RESULTS

A. Characterization of superparamagnetic iron-oxide
nanoparticles using SQUID magnetometry

SQUID measurements are performed at 300 K with
a field sweep of −0.3 to 0.3 T (see Fig. S1 within the
Supplemental Material [29]). The results are consistent
with the superparamagnetic behavior of the iron-oxide
nanoparticles [30], as no hysteresis is observed. The super-
paramagnetic behavior assures there is no aggregation of
the particles.

The results of the SQUID magnetometry are fit with a
Langevin function:

MSQ = Mp

(
coth

(
μpB
kBT

)
− kBT

μpB

)

= μp

Vp

(
coth

(
μpB
kBT

)
− kBT

μpB

)
. (5)

Here, MSQ is the magnetization measured by SQUID
magnetometry, Mp is the magnetization of the particle
with magnetic moment μp and volume Vp . Based on the
slope of the Langevin function, μp is determined to be
approximately 3.7 × 10−19 Nm/T. MSQ is determined to be
59 emu/gm (approximately 3.04 × 105 A/m) from the mag-
nitude of the Langevin function. This value of saturation
magnetization is similar to values reported in the literature
[31]. The estimate assumes the density of nanoparticles to
be 5.17 gm/cm3.

Since the saturation magnetization from the SQUID
measurement equals the magnetization of the individual
particle, and the magnetic moment is also determined from
SQUID measurements, we can determine the average par-
ticle volume and, therefore, the volume weighted average
diameter of the particles. Based on the SQUID mea-
surement, the average particle volume is approximately
1.3 × 10−24 m3 and the volume-weighted average parti-
cle diameter is approximately 13.5 nm. Thus, the SQUID
measurement has allowed us to refine the estimate of the
particle diameter of 15 nm ± 2 nm provided by Sigma
Aldrich using transmission electron microscopy.

B. NMR linewidth and T2 measurements

NMR measurements are performed on a 14.1-T Varian
Unity/Inova NMR spectrometer to confirm temperature-
dependent motional narrowing. Temperature-dependent
linewidth measurements show a decrease in NMR
linewidth of water protons with increasing temperature,

(a)

(b)

FIG. 1. (a) Temperature dependence of NMR linewidths (and
consequently T2*) of protons in water in the presence of SPIONs
and its comparison to the temperature dependence of the recip-
rocal of the diffusion coefficient of proton in water (blue solid
line). The linewidths show the same temperature dependence as
the reciprocal of the diffusion constant, until the concentration
of the nanoparticles is low and the linewidth due to improper
shimming becomes significant (at around 50 ppm nanoparti-
cles by volume). (b) Comparison of NMR linewidth of protons
in water with the volume fraction of SPOINs at 278 K (black
squares), 318 K (open black triangles), and 348 K (black cir-
cles). The linewidths scale linearly with the volume fraction at all
temperatures except for low-volume fraction, where shimming
imperfections contribute significantly to the linewidth.

coinciding closely with the increase in self-diffusion con-
stant of water with temperature (except at low temper-
atures where, �ωτc ∼ 1, and motional narrowing is not
effective). Figure 1 shows the linewidth of water protons
for various temperatures and various concentrations of
the superparamagnetic nanoparticles. The NMR linewidth
scales linearly with the concentration of the particle, but
the relative change in the linewidth of the protons is inde-
pendent of the concentration, and scales with the diffusion
constant of water [7].

At very low concentrations (≤65 ppm in our measure-
ment) and at high temperatures, the natural linewidth of

014055-4



HIGHLY SENSITIVE AND HIGH. . . PHYS. REV. APPLIED 19, 014055 (2023)

FIG. 2. Temperature dependence of relaxation rates 1/T2 (red)
and 1/T2*(black) at SPION volume fractions of 110 ppm (open
circles), 65 ppm (filled circles), and 10 ppm (open triangles). The
temperature dependence of the relaxation rates is compared with
the temperature dependence of the reciprocal of the diffusion
constant in water (blue solid line). The measurements of relax-
ation rates for SPION volume fractions of 110 and 65 ppm are
carried out in a Unity/Inova 14.1 T NMR spectrometer while
the measurements for the volume fraction of 10 ppm is car-
ried out in Bruker BioSpec 9.4 T preclinical MRI scanner. For
lower volume fractions (<65 ppm) and high temperature, T2*
has a significant contribution from field inhomogeneities due to
imperfect shimming while T2 is not affected and remains a good
thermometer.

water due to imperfect shimming becomes comparable
to the linewidth induced by the presence of nanoparti-
cles, and then the decrease in linewidth with temperature
deviates from the increase in diffusion constant. This is
the lower limit for the concentration of the nanoparticles
for linewidth to be a thermometer in our method—the
linewidth induced by the particles should be signifi-
cantly larger than the natural proton linewidth in the tis-
sue. Empirically, we find this limit to be approximately
65 ppm. The results from the linewidth (�ν) measure-
ments show that a T2* contrast MRI imaging is a diffusion-
contrast MRI imaging in the presence of superparamag-
netic nanoparticles as long as shimming imperfections do
not dominate.

When Techo � τc = d2/4D, in the absence of external
field inhomogeneities, T2 is equivalent to T2* [21], and
therefore, a T2 contrast imaging also is a diffusion-contrast
imaging. To establish the equivalence of T2 and T2* in the
presence of the nanoparticles, T2* and T2 measurements
(Techo= 0.1 ms) are taken for three different concentra-
tions of nanoparticles in water, and the results are included
in Fig. 2. The results show T2 and T2* are equivalent if
the linewidth induced by the nanoparticle is much greater
than the natural linewidth of water due to improper shim-
ming. At very low concentrations of nanoparticles and

(a) (b)

(c) (d)

FIG. 3. T2 maps obtained from cross-section (coronal) images
of water in a cylindrical container at 23 (a), 25 (b), 29 (c), and
31 °C (d) in the presence of SPIONs (10 ppm by volume). The
T2 maps are obtained from 12 MSME images with equal echo
spacing of 5 ms. The gray scale represents T2 values with black
corresponding to 0 ms and white corresponding to 8 ms. The
average echo times determined from the T2 maps are 6.25, 6.57,
7.19, and 7.42 ms respectively.

at high temperatures (65 ppm in NMR and 10 ppm in
MRI), T2 still remains a good thermometer, showing the
same dependence to the diffusion constant, while T2* is
overwhelmed by shimming imperfections.

C. T2 mapping from MRI

The applicability of the method is demonstrated in pure
water (iron-oxide nanoparticles present in 10 ppm by vol-
ume) on a 9.4 T Bruker BioSpec precilinical MRI system.
Isothermal T2 mappings are performed using multispin
multiecho (MSME) sequence [28] at various temperatures
in the range 21–31° C. The isothermal T2 measurements
show a standard deviation in T2 of about 0.7% for a spe-
cific temperature. Given the sensitivity of approximately 4
at room temperature, this variation in T2 corresponds to a
temperature resolution of approximately 0.5 K.

Figure 3 shows the increase in average T2 with increas-
ing temperature (specific values of T2 versus temperature
are included in Fig. 2). As expected from the NMR mea-
surements (see Fig. 2), the increase in T2 corresponds to
the increase in the self-diffusion constant of water, even
for a concentration as small as 10 ppm in pure water.

If no external field inhomogeneities are present, a T2*
mapping should be equivalent to a temperature mapping.
However, due to the small concentration of nanoparticles
used in the MRI measurement, and due to the inability to
perform a good shimming due to the particles, the exter-
nal field inhomogeneities are significant enough to cause
a larger variation of T2*. Therefore, T2* mapping has
a significantly worse temperature resolution. This result
emphasizes the fact that our method utilizing the motional
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narrowing on T2* is a more reliable thermometry com-
pared to T2* methods utilizing the temperature-dependent
magnetization of contrast agents.

V. DISCUSSION

Our results show, in the presence of superparamagnetic
nanoparticles in the motional narrowing regime, a T2 map-
ping is a diffusion mapping. However, since T2 imaging
does not require any interscan baseline image, it is not sus-
ceptible to motional artifacts unlike conventional diffusion
imaging. Additionally, T2 mapping and especially T2 con-
trast imaging is intrinsically faster than diffusion-contrast
imaging. Therefore, T2 imaging provides a high-resolution
thermometry in a relatively short scan time.

One requirement for this method to be applicable is
that that the correlation time of protons diffusing past a
SPION needs to be smaller than the reciprocal of frequency
shift induced by the SPION: �ωτc ≤ 1, i.e., motional
narrowing needs to take place. For the particles used in
the experiment (Mp = 3.0 × 105 A/m and d = 13.5 nm),
�ω ≈ 3 × 107 s−1, and in pure water τ c = 2 × 10−8 s at
room temperature (D = 2.5 × 10−9 m2/s). Therefore, the
condition of motional narrowing is satisfied. This condi-
tion would also be marginally satisfied in the extracellular
water in blood at body temperature where the diffusion
constant is 40% smaller and consequently the correla-
tion time is 40% larger for the same size of nanoparticles
[10]. The condition is, however, not satisfied for intra-
cellular water typically having a diffusion coefficient of
approximately 8 × 10−10 m2/s [10].

We can define a critical diameter of the particle
which satisfies the condition �ωτc = 1. Since �ω =√

(4/5)(γμ0Mp/3) and τc = d2/4D, the critical diame-
ter that just satisfies the motional narrowing condition,
�ωτc = 1, is given by: dc = (√

(4/5)(γμ0Mp/12D)
)−(1/2).

For nanoparticles with the magnetization used in our
experiment, dc ≈ 18.5 nm in pure water while for intra-
cellular water with D ≈ 8 × 10−10 m2/s, dc ≈ 10 nm.

The effect on relaxation time when a fraction of particles
has diameter greater than critical diameter is discussed in
Section II within the Supplemental Material [29].

It can be seen from the discussion in II within the Sup-
plemental Material [29] that T2 scales linearly with the
diffusion constant for particles with diameters smaller than
dc and inversely with the diffusion constant for particles
with diameters larger than dc, it is relevant that the fraction
of particles above the critical diameter is not significant for
our method to work.

The other two requirements for our method to be gen-
erally applicable to fluids are that the superparamagnetic
particles significantly spoil the T2 (i.e., T2,S � T2,0) and
the echo pulses are not able to recover the relaxation due to
the SPIONs (i.e., τ c Techo ∼ T2,S). Even for fluids with T2
as small as 50 ms (which is less than T2 values of protons

in most tissues [32]), a T2,S of approximately 10 ms can be
obtained with a SPION volume fraction of approximately
10 ppm, which is a safe quantity for medical applications
[19]. For thermal management fluids, there is no restric-
tion on volume fraction due to toxicity. Therefore, the first
of these requirements is easily satisfied. Even for a very
small Techo of 10 ms, which would be required for fluids
with a small T2,S of approximately 10 ms, the correlation
time remains much smaller than 10 ms if the diffusion con-
stant is not too small. Therefore, the second condition is
also easily satisfied. Therefore, with a careful selection of
SPOIN size and volume fraction, our method can be gen-
erally applied to water in tissues and blood as well as in
thermal management fluids.

In vivo application in biological samples, however, will
be challenging due to different values and temperature
dependence of the self-diffusion constant of water in dif-
ferent tissues. This is, however, a general challenge in
MR thermometry [1] and is not a problem unique to our
method.

Application to immersion cooling or heat-sink applica-
tions is restricted to length scales of a few hundred microns
to a few centimeters. The upper limit on the length scale
is restricted by the availability of MR scanners that can
accommodate large-scale heat systems (e.g., cooling of
data centers [33]), where immersion cooling is applied.
The lower limit of length scale is determined by the signal-
to-noise ratio from a voxel. Typically, it is limited to
voxel of (100 μm)3. At smaller length scales, paramagnetic
effects and rf absorption due to metals [34] used in devices
would also make this method difficult to apply.

Finally, we note that the sensitivity of the thermometry
can further be improved by combining motional narrow-
ing with contrast agents that show a significant change
in magnetization at temperatures of interest. For exam-
ple, gadolinium silicide contrast agents show a sharp
change in magnetization at approximately 30 °C [35].
Using nanoparticles of gadolinium silicide or similar con-
trast agents could allow utilizing both motional narrow-
ing and the temperature dependence of magnetization for
biological thermometry with higher sensitivity.
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