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ABSTRACT

There is a growing demand for experiments on calorimetric and thermal transport measurements at ultra-low temperatures below 1 mK
and high magnetic fields up to 16 T. Particularly, milligram-sized solid samples are of great interest. We present the development of scalable
thermometers based on quartz tuning fork resonators immersed in liquid *He and adapt hydrodynamic models to provide an improved
description of temperature dependence in the high viscosity regime between 1 and 10 mK. We demonstrate successful thermometer opera-

tion and discuss the feasibility of fast and compact thermal probes suitable for small samples.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0132492

I. INTRODUCTION

The National High Magnetic Field Laboratory (NHMFL)
High B/T facility at the University of Florida in Gainesville pursues
the mission to enable user experiments at the combined extremes
of high magnetic fields (high B) and ultra-low temperatures (ULT)
below 1 mK. While almost all measurement techniques like electri-
cal transport or magnetometry require adaptations to be success-
fully performed in this environment, calorimetry and thermal
transport are particularly challenging due to a lack of suitable ther-
mometry. High-resolution thermal measurements in this regime
would be of great benefit to the study of exotic Fermi surfaces via
quantum oscillations."”” Calorimetric measurements of quantum
spin liquid (QSL) candidates could observe gapless excitations
down to ultra-low temperatures, which would be important to
demonstrate a QSL ground state.” Furthermore, thermal transport
is a key experimental probe for the nodal structure of
superconductors,”™ and improved ULT thermometry could allow
for studies of superconductors with extremely low transition tem-
peratures such as bismuth,” as well as revealing characteristics of
topologically non-trivial systems via the thermal Hall effect.*’

Motivated by these experimental challenges, we seek to
develop thermometers that are suitable for measurements of

typically milligram sized solid samples and are compatible with
environments below 1 mK and high magnetic fields of 16 T and
beyond. Existing thermometry options typically have at least one
drawback that makes them unsuitable for these combined goals.
Resistive thermometry has a minimum temperature of around
20 mK,'* and SQUID noise thermometers are incompatible with
high magnetic fields.'”'” *He melting curve thermometry'’ and
nuclear magnetic resonance thermometers'* have too high masses
and long thermalization times to allow for measurements of small
samples. Coulomb blockade thermometers show promise as ultra-
low temperature thermometers,"”™'® but typically require delicate
on-lead magnetic demagnetization stages or on-chip cooling, which
makes them incompatible or too complicated to use as sample ther-
mometers in high magnetic fields.

Here, we investigate quartz tuning fork thermometry in liquid
*He, which could potentially meet all of the experimental require-
ments of low thermal masses, sensitivity to ULT, and compatibility
with high magnetic fields. The measurement principle relies on the
temperature dependent viscosity of liquid *He that is probed by
tracking the resonance of quartz tuning forks immersed in the
liquid. First, quartz tuning forks are widely used in studies of the
ULT properties of the helium liquids'”™ with a minimum
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temperature of 100 4K in *He; therefore, their compatibility with a
ULT environment is well established. Second, thermometers track-
ing the vacuum resonance of a tuning fork have been used at inter-
mediate magnetic fields up to 8 T, and magnetometers based on
tuning forks in *He exchange gas have even been successfully oper-
ated at high magnetic fields up to 64 T and at temperatures around
1.3K.*"" Third, since the tuning forks measure viscosity—an
intrinsic property of the *He liquid—the thermometer signal does
not depend on its mass, allowing for miniaturized temperature
probes for studies on small solid samples.

We report on first measurements that subject quartz tuning
fork thermometers (TFTs) filled with liquid *He to the combined
extremes of ultra-low temperatures down to 1 mK and high mag-
netic fields up to 14.5T. We measure in the regime above the
superfluid transition, where the viscosity of helium 3 is so high that
simple hydrodynamic models*>* fail to predict the tuning fork
resonance characteristics, and where the tuning forks require large
driving forces which may affect the field dependence. In this work,
we attempt an adaptation of existing hydrodynamic models that
take into account slip in the high viscosity regime based on previ-
ous treatments for different vibrating object geometries modified
with empirical fit parameters.”' > We also revisit the idea”* that
even without observing the fixed point at the superfluid transition,
TFTs in liquid *He may provide almost-primary thermometry with
a predictable temperature dependence and require minimal or no
calibration. We argue that the geometry-dependent crossover to the
slip-corrected regime could serve as an alternative fixed point.
Finally, we discuss recent progress in miniaturization of TFTs and
establish current resolution limits for thermal measurements based
on prototype dimensions and the resolution obtained in the experi-
ments presented here.

Il. TUNING FORK THERMOMETRY AT ULTRA-LOW
TEMPERATURE AND HIGH MAGNETIC FIELD

We first establish the vacuum properties of the Lorentzian
tuning fork resonances, then discuss the temperature dependent
damping due to the viscosity of the normal fluid *He. We go on to
compare the temperature dependence of the resonance properties
to prediction of two hydrodynamic models. We also verify that the
tuning forks are insensitive to magnetic fields even when immersed
in highly viscous liquid *He, where comparatively large drive
amplitudes are required.

A. Tuning fork vacuum properties

Quartz tuning forks are piezoelectric resonators and are char-
acterized by the tuning fork constant a, which is used to determine
the velocity response to an applied driving force. a depends only
on the properties of the quartz and the tuning fork dimensions, the
tine length, £, the tine thickness, 7 and the tine width, W. The
tuning forks we use here are the Epson C-002RX, a commercially
available device, hereafter referred to as CTF, and a tuning fork
from an array manufactured by Statek corporation for use in previ-
ous work on quantum turbulence in superfluid *He.”* We chose
the tuning fork that showed the strongest response in vacuum
testing from this array, labeled ATF5. The tuning forks are shown
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FIG. 1. The polycarbonate cell insert used in this work, showing the CTF
(front) and Array of tuning forks (back). Inset: the tuning forks studied in this
work. (a) An Epson C-002RX commercial tuning fork (CTF), nominal resonance
frequency 32.768 kHz. (b) An array of five tuning forks, provided by Viktor
Tsepelin, Lancaster University, UK.**

in the inset of Fig. 1 and their physical dimensions are summarized
in Table I.

To use the tuning forks as thermometers, the vacuum reso-
nance frequency and width need to be known. We, therefore, took
care to measure the properties in vacuum at T < 1.5 K. This tem-
perature was chosen to minimize the residual vapor pressure in the
cell and to eliminate the temperature dependence of the quartz
properties.”* The tuning fork constant a is derived from the prop-
erties of the vacuum resonance and is given by

drm oA f
= 1
a=,/ Vo (1)

where Ij is the response current peak amplitude, V; is the driving
voltage amplitude, Af is the width of the Lorentzian resonance,
and m, = 0.25p,LWT is the effective mass of a tuning fork tine.
Further details are given in the supplementary material. The
vacuum properties of the tuning forks are summarized in Table L

TABLE I. Summary of the dimensions of the tuning forks used in this work.

Tuning fork £ (um) 7 (um) W (um) a(C m™) Afyae (Hz)
CTF 3000 230 100 2.78 x107° 0.110
ATF5 1450 90 75 8.42x1077 0.070
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TABLE Il. A summary of the resonant widths of each tuning fork for different tem-
peratures in normal fluid *He.

Temperature (mK) CTF Af (Hz) ATF5 Af (Hz)
100 40 90
30 120 300
10 410 950
5 1065 1600

The measured width for the ATF5 is consistent with the ULT
(2 mK) width measured previously for a similar for! 20

B. Temperature dependence

Characterization of the tuning forks in bulk *He was per-
formed in the Bay 3 cryostat at the NHMFL High B/T Facility, at
Obar in a liquid *He cell cooled by a PrNis/Cu hybrid nuclear
demagnetization stage. The base temperature of this cryostat is
around 700K, and primary thermometry was provided by a *He
melting curve thermometer (MCT)."”” The tuning fork resonances
were continuously monitored as the temperature was changed in
the range 1-100mK by magnetizing and demagnetizing the
nuclear stage. Magnetic field was applied along the cylindrical axis
of the cell such that the field was along the length of the tuning
fork tines for ATF5 and normal to the tines for the CTF.

Figure 2(a) shows the measured resonance curves for the CTF,
for three different temperatures in liquid *He. The widths obtained
from Lorentzian fits to the resonance curves depend strongly on
the temperature dependent viscosity of the *He, as shown in
Fig. 2(b) and summarized in Table II. We calculated the expected
T-dependence using an equation for the resonance width of the
tuning fork Af in terms of the viscosity 17 of the *He derived in
Blaauwgeers et al.,”*

2
VN

where C is a geometric constant of order unity, which typically
has a value around 0.6 for tuning forks of the type used here.”
S =2L(T +W) is the surface area of the tuning fork tines, and
m, is the effective mass of a tuning fork tine. fy and f,,. are the res-
onant frequency and vacuum resonant frequency, respectively. The
temperature dependence of the viscosity of *He is well established’”
as noc T2, We, therefore, expect a T~! dependence of the width
[dashed lines in Fig. 2(b)]. At T > 20 mK, the CTF deviates from
the expected temperature dependence which we attribute to poor
thermalization during a relatively rapid cooldown, resulting in
the temperature of the MCT being lower than the temperature of
the cell.

Below 5 mK for the CTF and 7 mK for ATF5, despite sufficient
thermalization times, both tuning forks deviate from T-1. This
shows the limitation of the simple model developed by Blaauwgeers
et al., which considers the effects of two flow fields: potential flow
far away from the tuning fork tines and rotational flow near the
tines, leading to an enhancement of the effective mass. This model
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FIG. 2. (a) Resonance curves (response current as a function of frequency) at
a constant driving force for the CTF. (b) Resonance width as a function of tem-
perature for CTF and ATF5, the dashed lines are guides to the eye for T—1.

yields a good prediction of the temperature dependence of the
tuning fork width, if the viscous penetration depth &, where

n
§= /L, 3
7 (3)

which is a measure of the extent of the flow field, is small enough
that the flow fields do not interfere, which is the case as long as &
is much smaller than the relevant tuning fork dimension. At the
lowest temperatures studied here, this condition is no longer ful-
filled, and we observe deviation from the model prediction. We
label this regime the high viscosity limit and attempt an advanced
hydrodynamic description in Sec. II C.
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C. Slip correction

At high viscosity, the liquid is no longer able to follow the
motion of the vibrating object immersed in it. Instead, a non-zero
velocity, or slip, occurs at the surface of the tuning fork tines. After
the onset of slip, the flow fields grow more slowly with increasing
viscosity and the role of interfering flow fields may be diminished.
In the following, we discuss a semi-empirical hydrodynamic model
accounting for the effects of surface slip in tuning forks by adapting
models developed to include slip corrections for vibrating objects
of different geometries. This provides an improved fit to experi-
mental data and allows for the prediction of some low temperature
characteristics. We combine the hydrodynamic models derived by
Zhang et al.,”’ Brumley et al.,”' and Jensen et al.””

Zhang et al.”’ describe the properties of the tuning fork in
terms of hydrodynamic functions. In this model, the resonant fre-
quency of the first vibrational mode of a quartz tuning fork is

W /
Qrf,)? = Quf,)? (1 + %pr;ydm(zn fl)), @
q

and the quality factor of that mode is

4p.e 7
_2afy  wr T Diyare

C2mAf,

Ql > (5)

7
thdm

where 27 f, is the resonant frequency in vacuum and VW and 7 are
the width and thickness of the tuning fork tines, respectively. p,
is the density of quartz, p is the fluid density, and l"Zydm and Fiydm
are the real and imaginary parts of the hydrodynamic function
taken from tabulated values.’’

Using the above expression derived in the absence of slip, we
apply the slip correction developed by Jensen et al.,”” modifying
the hydrodynamic function as follows:

1

rerf) - 1= — ©)

1 L T)2 i
reen-1 — ) vrn)

where T'g(27f) is the hydrodynamic function without slip correc-
tion, Ly, = const(i%g)lmﬁ, and ¢ is the viscous penetration depth. &
is the specularity of the surface of the tuning fork, and I, is the
mean free path in the fluid.

We apply the modified hydrodynamic model to improve the
description of the temperature dependent resonance properties of
three different tuning forks. Figure 3(a) shows the width of the
ATF5, CTF, and a third tuning fork, measured previously in
Grenoble, and referred to as GTF resonances as a function of tem-
perature in the range 20-1 mK. The dashed lines show the result of
the calculation of the slip corrected tuning fork width. We allow
the specularity, o, to vary as a fork-dependent, but
temperature-independent fitting parameter, which is likely related
to the details of the tuning fork surface.

We observe that the slip correction becomes necessary at tem-
peratures T < T, where T is the temperature at which § = W/3,
as shown in Fig. 3(b). This limit is consistent with that observed
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FIG. 3. (a) The resonance width as a function of nuclear stage temperature for
GTF (black), CTF (blue), and ATF5 (red). The solid lines are calculated values
of the width using hydrod;/namic functions from Brumley et al.*' the dashed
lines are a slip correction®” where the specularity, &, and slip length coefficient
const are fit parameters. (b) A plot showing the tuning fork length scale vs tem-
perature. The solid line shows the viscous penetration depth, and the dotted
lines the values of W /3 for each tuning fork measured here.

for slip in a vibrating wire resonator.’® We conclude that the devia-
tion from the simple model is indeed due to slip and suggest that
this crossover could be used as a fixed point for calibrating these
thermometers as the temperature where it occurs is predicted by
the tuning fork geometry.

D. High field tests

To establish the suitability of TFTS at high B and ULT, we
performed two sets of tests: field sweeps near 18 mK, the base tem-
perature of the dilution refrigerator and demagnetization cool-
downs at fixed high field.
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Figure 4(a) shows the width of ATF5 as a function of the
applied magnetic field. The width changes as the field is changed
and relaxes while the field remains constant. We attribute this to
eddy current heating in the silver cold finger that links the nuclear
stage to the 3He cell, causing heating of the *He in the cell, consis-
tent with the temperature measured indpendently by the MCT
[Fig. 4(b)]. Figure 4(c) shows the tuning fork constant, a, as a func-
tion of the applied field. a is determined from Eq. (1) using fit
parameters extracted fits to the Lorentzian resonance. While the
tuning fork resonance shows a direct response to the temperature
changes in the cell, the tuning fork constant remains within 0.6%
of its B =0 value even at the highest field of 14.5T, confirming
that there is no residual magnetic field dependence once the tem-
perature changes are accounted for. This illustrates that ULT
cannot maintained during a magnetic field sweep; therefore, perfor-
mance tests at ULT and high B are achieved by T-sweeping at a
constant magnetic field.

Figure 4(d) shows the tuning fork constant, a, of the CTF as a
function of temperature at 14.5T (blue) and 0T (orange) where
the zero-field fork constant is derived from the data presented in
Fig. 2(b). The fork constant in the applied magnetic field is again
calculated using Eq. (1) and fits to the Lorentzian line shape mea-
sured during the cooldown. The CTF exhibits the same insensitivity
to the applied magnetic field as the ATF5. This confirms that there
is no significant magnetic field induced effect on the properties of
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FIG. 4. (a) The resonance width of ATF5 as a function of the applied magnetic
field during a sequence of field sweeps. (b) The temperature inferred from the
melting curve thermometer during the same field sweeps. (c) The tuning fork
constant, a, as calculated from the fitted resonance curve as a function of the
applied field. (d) The tuning fork constant, a, as a function of temperature for
the CTF, during two different demagnetizations at 14.5 (blue) and 0 T (orange).
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the quartz, the tuning fork electrodes, or on the viscosity of *He.
The tuning forks are, therefore, suitable as thermometers in the
temperature and magnetic field ranges of interest. The deviation of
a below 5mK results from the onset of slip, and further work is
required to correct the tuning fork constant in this regime.

II. TUNING FORKS IN *He AS THERMAL PROBES FOR
SMALL SAMPLES

Having established compatibility of the TFTS with high B and
ULT, we discuss adaptations for the measurement of small solid
samples. To probe such samples in specific heat and thermal trans-
port measurements, the thermal mass of the thermometer must be
small enough that temperature changes caused by the thermal
response of the sample can be detected. A lower thermal mass also
corresponds to a faster response time of the thermometer, which
allows for measurements with higher resolution in a given time
frame. This can be achieved by reducing the *He volume as much
as possible, since the dominant contribution to the ULT specific
heat of 3He cells generally stems from the liquid itself.” As the
tuning fork directly probes the viscosity of the surrounding liquid,
its measurement signal is independent of the total *He mass.
Therefore, reducing the amount of *He should not come at the
expense of temperature resolution or alter the measurement result.
However, if the tuning fork comes within the viscous penetration
depth of the wall of the thermometer, additional adaptions to the
hydrodynamic model will be required to correctly predict the tem-
perature dependence. As the thermal mass of the thermometer is
reduced, care should also be taken to maintain the tuning fork
driving force and tine velocity at a low enough level that the tuning
fork does not self heat the thermometer, or to run the tuning fork
in pulses so as to reduce the time that the tuning fork can deposit
heat into the thermometer.

Figure 5 shows prototype tuning fork thermometers that rep-
resent first attempts at minimizing the He volume while still
allowing for enough space for the tuning fork to ring freely, to add
or remove °He via a fill capillary, and ensuring good thermal
contact via an integrated heat exchanger. Tuning forks have previ-
ously been used in compact geometries for bolometry in superfluid
3He-B™ and for thermal transport in confined >He.”® The key dif-
ference here is the complete enclosure with a heat exchanger and
with the intention of mounting a small solid state sample for
thermal measurements. Both prototypes contain nominally identi-
cal CTFs and silver heat exchangers and are sealed with epoxy
plugs at either end. The thermometer in panel (a) is constructed
from a high purity silver body and a schematic of the components
inside is overlayed, (b) shows a variation on this design, with a
silver wire directly pressed into the heat exchanger, to improve
thermal contact with a sample mounted on the wire. We estimate
the total specific heat of these thermometers to be around 4 uJ/K at
1 mK in zero applied magnetic field, based on the published values
for 3He™ and silver.”” The magnetic field dependence of the heat
capacity of the thermometer is to be determined in future proto-
types. The thermalization time of the thermometer depends on the
specific heat and the thermal resistance determined by the surface
area of the silver heat exchanger.”® For a heat exchanger of the size
shown in Fig. 5(a), assuming a 50% packing fraction, we calculate
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FIG. 5. Prototype tuning fork thermometers comprising a CTF and silver sinter
heat exchanger encased in a silver tube. (a) Schematic overlay showing the
internal components and dimensions, (b) a newer prototype, showing the silver
wire for the thermal link to the sample. (c) The resonance width as a function of
temperature for the TFT pictured in (b).

that the response time of the thermometer is of order 50 s, which is
a comparably rapid response in the context of ULT experiments.
Figure 5(c) shows the resonance width of the TFT pictured in
Fig. 5(b) down to temperatures of around 90 mK, showing compa-
rable temperature dependence to tuning forks in larger cells, which
confirms adequate thermalization and establishes that mini TFTs
of this design are leak tight and can be successfully filled by con-
densing *He. The next step is to test this thermometer and other
prototypes down to 1 mK and in applied magnetic fields.

Based on the present accuracy of the temperature measure-
ment based on the tuning fork width (=~ 50uK), we assume that the
detection limit of the tuning fork thermometer is around 1% of its
own specific heat, i.e., it should be capable of measuring samples
with specific heat 40 n] K~!, comparable to the specific heat of
small single crystal samples that users of the High B/T facility may
want to investigate.

IV. SUMMARY

We have shown that quartz tuning forks immersed in liquid
3He provide robust thermometry at the combined extremes of
ultra-low temperatures down to 1 mK and high magnetic fields up
to 14.5 T, presenting a viable platform for temperature measure-
ments in this regime. We also presented an adaptation of

METHOD scitation.org/journalljap

hydrodynamic models to improve temperature calibration in the
high viscosity regime between 1 and 10 mK. We discussed the feasi-
bility of miniature thermometers that could provide much needed
thermal probes for user experiments on small solid state samples in
the extreme environments accessible at the NHMFL High B/T
Facility. Existing thermometer prototypes built with relatively
simple fabrication methods could already be suitable for a large
number of measurements extending the typical temperature range
for thermal measurements below ~20 mK.

SUPPLEMENTARY MATERIAL

See the supplementary material for a description of the prepa-
ration of the tuning forks, details of the tuning fork measurement
circuit, and a more complete derivation of the equations that
govern the tuning fork motion.
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