Giant elastocaloric effect at low temperatures in TmVQO, and implications for
cryogenic cooling
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Adiabatic decompression of para-quadrupolar materials has significant potential as a cryogenic
cooling technology. We focus on TmVOy, an archetypal material that undergoes a continuous
phase transition to a ferroquadrupole-ordered state at 2.15 K. Above the phase transition, each Tm
ion contributes an entropy of kg In2 due to the degeneracy of the crystal electric field groundstate.
Owing to the large magnetoelastic coupling, which is a prerequisite for a material to undergo a
phase transition via the cooperative Jahn-Teller effect, this level splitting, and hence the entropy,
can be readily tuned by externally-induced strain. Using a dynamic technique in which the strain
is rapidly oscillated, we measure the adiabatic elastocaloric response of single-crystal TmVOQOy4, and
thus experimentally obtain the entropy landscape as a function of strain and temperature. The
measurement confirms the suitability of this class of materials for cryogenic cooling applications,

and provides insight to the dynamic quadrupole strain susceptibility.
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SIGNIFICANCE STATEMENT

Materials that undergo a ferroquadrupolar phase tran-
sition necessarily have a strong strain-dependence of their
entropy. Here, we examine the archetypal ferroquadrupo-
lar insulator TmVQOy, a material for which kg In2 worth
of entropy per Tm ion is available down to the ferro-
quadrupolar phase transition at 2.15 K. Our measure-
ments reveal a giant low-temperature elastocaloric effect
associated with the diverging quadrupole strain suscepti-
bility. Our observations illustrate the exciting possibility
of elastocaloric cooling via adiabatic decompression at
cryogenic temperatures based on this class of materials.

INTRODUCTION

Interest in elastocaloric cooling has primarily focused
on refrigeration and air conditioning near room temper-
ature, and has typically utilized the latent heat associ-
ated with first-order phase transitions [1]. However, there
is also considerable potential to employ elastocaloric ef-
fects for cooling at much lower, cryogenic temperatures.
Low temperature cooling of materials using pressure and
strain has been explored previously within the context of
materials that couple to these quantities either partially
or indirectly[2-6]. Here, we explore the potential of adi-
abatic decompression of Jahn-Teller active materials, for
which strain couples directly (bilinearly) to the active
quadrupolar degrees of freedom, for cryogenic cooling.
The requisite large elastocaloric effect (ECE) in this case
is provided by the presence of a large quadrupole strain
susceptibility, which is implicit in such materials in the
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temperature regime above any associated phase transi-
tions. The cooling effect is analogous to that achieved
by adiabatic demagnetization in paramagnetic materi-
als, and does not directly rely on the presence of a phase
transition.

Adiabatic demagnetization was first investigated more
than a century ago and was proposed as a cooling method
not long after [7]. The technique requires a material with
a large magnetic susceptibility that remains paramag-
netic to low temperatures. In 1933, adiabatic demagne-
tization was successfully used for the first time at cryo-
genic temperatures to cool Gdg(SO4)3-8Ho0 from 1.5 K
to 0.25 K by cycling a magnetic field of 0.8 T [8]. Since
then, there have been many advances in the materials
used for magnetic refrigeration, both at cryogenic tem-
peratures and near room temperature [9-15].

Low temperature Jahn-Teller systems are especially
appropriate for cryogenic cooling via an analogous adi-
abatic decompression process for two reasons. Firstly,
they preserve a large amount of entropy to low temper-
ature, owing to the degeneracy of crystal electric field
(CEF) levels. Secondly, they have a large magnetoe-
lastic coupling, which allows for the ground state, and
thus the entropy, to be easily tuned with strain. Our
focus of this study is not to propose a particular mate-
rial for which low temperature cooling is optimized, but
rather to experimentally verify the entropy landscape of
an archetypical material in this class, TmVO,4. In so
doing, we also demonstrate an especially suitable and
effective method to measure a quantity of fundamental
interest in the study of quadrupole order, the dynamic
quadrupole strain susceptibility [16, 17]

TmVO4 undergoes a cooperative Jahn-Teller phase



transition at Ty = 2.15 K to a ferroquadrupolar or-
dered state. The phase transition is continuous, and the
crystal symmetry changes from tetragonal to orthorhom-
bic [18], corresponding to a spontaneous €4, shear strain
[19] with quadrupolar order of the same zy symmetry.
As we will show, in the para-quadrupolar regime (i.e.
for temperatures above the phase transition), the ma-
terial has a large quadrupole-strain susceptibility with
respect to zy strains, much as a ferromagnetic mate-
rial has a large magnetic susceptibility above its Curie
temperature. In terms of entropy, above T, each Tm
ion contributes kpIn2 due to the crystal field ground-
state, which is a non-Kramers doublet [20]. This en-
tropy is removed at the phase transition, which splits
the ground state doublet [19]. To the extent that rele-
vant terms in the Hamiltonian are known [21], it is possi-
ble to estimate the entropy as a function of temperature
and strain (Fig. 1). Of particular significance, the large
quadrupole strain susceptibility means that the entropy
can be substantially reduced above Ty by application
of modest shear strains (blue curve in Fig. 1). Such
large changes in entropy at low temperatures in response
to modest applied strains implies the possibility of a se-
quence of isothermal compression and adiabatic decom-
pression (black arrows in Fig. 1) to achieve a substantial
cooling effect for temperatures above Tg. Such large tem-
perature changes (AT/T ~ 1 under adiabatic conditions,
or equivalently AS/S ~ 1 under isothermal conditions)
justifies the moniker ‘giant’ for the elastocaloric effect in
this material.

The primary goal of the present work is to experi-
mentally verify the anticipated entropy landscape and
demonstrate the presence of the associated giant elas-
tocaloric effect at low temperatures in TmVQO,. Mea-
sured using an AC (dynamic) elastocaloric technique
[17, 22, 23], the AC analog of the process one would
employ for a viable cooling technology, our observations
also provide a direct measure of the dynamic quadrupole
strain susceptibility.

The measurement can be best understood by con-
sidering the estimated entropy landscape (Fig. 2(a)).
Under adiabatic conditions, appropriate for sufficiently
rapid strain osillations, the material moves back and
forth along a constant entropy contour in response to an
externally-induced AC strain, resulting in a concomitant
temperature oscillation at the same frequency (white ar-
row in Fig. 2(a)). As temperature is lowered towards the
ferroquadrupolar phase transition, the constant entropy
curves decrease in slope, yielding a larger amplitude tem-
perature oscillation for a given amplitude strain oscilla-
tion. This is the regime in which the entropy is domi-
nated by the 4f electrons, in contrast to the higher tem-
perature regime (above approximately 15 K), where the
phonons, which have a much smaller strain-dependence,
dominate the total entropy. The cooling effect in this ma-
terial is thus primarily restricted to below approximately
15 K.

We measure the elastocaloric response of the mate-
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FIG. 1. The calculated entropy of TmVOQO4 as a function of

temperature for ez = 0 and 5- 1073, expressed per formula
unit (f.u.). The 4f contribution is calculated from the Hamil-
tonian using coefficients from published literature while the
phonon contribution is determined from heat capacity exper-
iments (SI Fig. S12). In the absence of externally-induced
strain (ezy = 0), the entropy falls rapidly from approximately
kp1In2 above Tg towards zero at zero temperature. The ex-
perimentally derived 4f contribution to the entropy (kg In2
above the phase transition) (SI Fig. S1) is in agreement with
the calculated zero strain entropy arising from the ground-
state doublet. Inducing a modest zy strain of just 5- 1073
leads to a substantial reduction of the entropy for all tem-
peratures below approximately 15 K (see main text), while
also removing the phase transition. An example of a possible
thermodynamic cycle is indicated (black arrows). The cycle
consists of an isothermal path along which e, is increased
(A — B) and an adiabatic path along which e, is decreased
(B — C). A thermalization step can be included from C' — A
to produce a full cycle. The figure demonstrates that a large
cooling effect can, at least in principle, be realized if adiabatic
conditions are maintained during the decompression part of
the cycle.

rial and map out the entropy in temperature-strain space
by cooling the sample and inducing an xy strain in the
TmVOy single crystal via stress applied along the tetrag-
onal [110] direction (Fig. 2(b)). In simpler terms, we
apply stress along the diagonal of the tetragonal a — a’
plane, pulling or pushing at the ‘corners’, causing an xy-
symmetric deformation. To apply this stress, we use a
commercially available Razorbill CS100 cell. The sample
is mounted with the tetragonal [110] direction aligned
along the displacement direction and we measure the
temperature response of the sample with respect to a
stress-induced AC strain using a RuOs temperature sen-
sor connected to a Wheatstone bridge (SI Fig. S2). Si-
multaneously, we induce an offset strain and change the
temperature of the sample to navigate across the T-c,,
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FIG. 2. Calculated entropy of TmVO4 and experimental ECE sample mounting setup. (a) The calculated entropy landscape
of TmVOy as a function of T" and €.y, shown here as a heat map with isentropic curves shown as dashed lines. Three broad
regions can be identified. At high temperatures, phonons dominate the entropy and isentropic curves are nearly vertical;
cooling potential is low in this region. At low temperatures and larger strains, the isentropic curves become almost radial
lines (emanating from the origin), as the 4f contribution to the entropy outweighs the phonon contribution; potential for
cooling by adiabatic decompression is optimized in this region. Finally, below Tg = 2.15 K, a first order transition separates
a region in which the material is homogeneously strained (above and to the right of the solid black line), from a region in
which domains of oppositely oriented orthorhombic regions are energetically favored (below and to the left of the solid black
line) (see first section of SI). Neglecting the small contribution to the total entropy that arises from the domain walls, the total
entropy does not exhibit a strain-dependence within this region below Tg, providing a practical limit to the lowest possible
temperature that could be achieved via adiabatic cooling for realistic strains. White arrow (exaggerated in magnitude for
clarity) indicates the AC ECE method that we employ to experimentally determine the entropy landscape (see main text). (b)
Schematic diagram illustrating our low-temperature AC ECE experimental setup. A single crystal of TmVQy is held between
two titanium mounting plates. The crystal is cut such that the [110] direction lies along the stress direction. We apply both
AC and DC voltages across different piezoelectric stacks to control the distance between the titanium mounting plates, thus
controlling the strain the material experiences. The strain oscillations produce temperature oscillations that are measured by
a RuOy thermometer (see SI for details). Typical sample dimensions are of order 1.6 mm in length (of which approximately
0.9 mm ‘active area’ extends between the titanium plates) by 0.3 mm width by 0.05 mm thickness.

the strain tensor, and simple coordinate transformations
can be used to go between un-primed and primed coor-
dinate systems. Details associated with strain relaxation

entropy landscape (Fig. 2(a)).

RESULTS
Reconstructing the entropy landscape

We adopt a coordinate system in which un-primed co-
ordinates refer to the principle crystal axes, and primed
coordinates are rotated by 45 degrees about the c-axis.

Stress applied along the [110] crystallographic direc-
tion induces a combination of symmetric and antisym-
metric (i.e. shear) strains. Using a reference frame
in which 2’ is along the stress direction, the total ob-
served elastocaloric effect, AT/Ae,/, reflects contri-
butions from both the symmetric and antisymmetric
strains. Since the elastic stiffness tensor of TmVQ, is
known [24], measurement of €,/ under conditions of uni-
axial stress is sufficient to determine all of the terms in

effects are discussed in the SI.

Of the two symmetry-decomposed strains that the
sample experiences as a consequence of the [110] stress,
antisymmetric strain has a much larger effect on the
entropy, and hence on the measured elastocaloric tem-
perature oscillations.  Shear strain, e,, couples to
the quadrupole moments bilinearly (i.e. Hepp ~
€y Pry, Where Py, is the operator that describes the zy
quadrupole, P, = 1/2(JyJy + JyJ;), and hence has a
large effect on the entropy at low temperatures. In con-
trast, symmetric strain (both 1/2(eyq +€yy) and €.)
does not split the CEF groundstate above Ty, and con-
sequently has a much smaller effect on the observed total
elastocaloric effect. The small contribution to the elas-
tocaloric temperature oscillations that arises from sym-
metric strains can be readily identified based on symme-



800 - fy= | ]
600 L — 40 103
— 3110
400 — 2410 1
9 — 19 10*
% 200 1.410%| ]
> 4
o 0 0.9 10 o
< 0.4 10*
\Q -200 P 0.110% 1
&~ 0.6 10*
< 400 11107 ]
-600 ——-1.7 10
—-2310*
-800 —2910" 7
-1000 —
5 10 15 20
T (K)
FIG. 3. Temperature-dependence of the ECE

(AT,y/Aegy) for several representative offset strains. Data
were taken by applying a fixed voltage to the piezoelectric
stacks in the strain cell and then sweeping temperature, and
are labeled with the strain the sample experiences at 10 K,
which changes slightly over the entire temperature range (SI
Fig. S7). The data reveal a characteristic ‘fish tail’ shape,
discussed in the main text.

600 3K
Q 400 6K
= 200
>
2* 0 9K j
;;x 2200 AC strain 1L 12K Z
< 00 .~ range ]
—| 15K
-600 g
800 1 18K
-4x10*  -2x10™ 0 2x10*  4x10*

&y

FIG. 4. Strain dependence of the ECE for different tempera-
tures. The amplitude of the AC strain used for the measure-
ments is indicated for comparison. The linear dependence of
the ECE for small values of e, is apparent. At the largest
strains and lowest temperatures, there is a deviation from
perfect symmetry arising from higher order terms in the free
energy (SI Fig. S5 and associated text). In addition, non-
linearity away from zero strain is already anticipated from
the shape of the isentropes of the entropy landscape (Fig. 2).

try grounds (see SI), and subtracted from the total signal
to yield the part of the ECE that arises purely from zy
shear: 01'/0eg,. This quantity is plotted as a function of
temperature for several representative DC offset strains
in Fig. 3. These data were taken by sweeping tempera-
ture while a fixed bias voltage was applied to the outer
stacks of the CS100 strain cell. Strain values are listed at
10 K; subtle changes in strain with temperature are ac-
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FIG. 5. A comparison of the entropy landscape (a) calculated
from the Hamiltonian to (b) those obtained from ECE mea-
surements, after scaling to ultrasound measurements. Both
figures are plotted with constant entropy contours to empha-
size similarity. The experimentally realized entropy landscape
matches well with theoretical predictions.

counted for in the subsequent analysis and are used here
only as labels.

Inspection of Fig. 3 reveals several key features. First,
the observed ECE is odd with respect to the bias strain.
That is, the sign of the ECE is either positive or negative
depending on the sign of the bias strain. This is a natural
consequence of antisymmetric deformations for which the
AC component either adds or subtracts from the DC bias
strain. Second, the data reveal a characteristic ‘fishtail’
shape, in which the maximum value is observed close to 3
K, reflecting the slope of the entropy contours indicated
in Fig. 2. Finally, the magnitude of the temperature os-
cillations is seen to be very large. For example, for a bias
strain of only 4-107* (0.04 %), the amplitude of the tem-
perature oscillation (normalized by the amplitude of the
AC strain oscillation, which is 5-1075) is approximately
700 K in dimensionless units of strain, or equivalently 7
K per percent of strain.



The data shown in Fig. 3 can be replotted, now as
a function of strain, e,; this is shown in Fig. 4. Be-
cause the strain is recorded for every temperature, these
curves do not suffer from the same concerns about strain
changing as a function of temperature. Data are shown
for a range of temperatures, each a different color. For
comparison, the AC strain amplitude is also indicated.
As can be readily seen, for small strains, 0T'/0e, varies
linearly with e,,, and indeed, as mentioned above, is an
odd function of £,,.

Despite the large values of the ECE that we observe,
these values are uniformly approximately a factor of five
smaller than theoretical values due to imperfect adia-
baticity of the experiment. Finite element simulations
confirm the imperfect adiabaticity, which can be cor-
rected for by multiplying by a constant, temperature-
independent, factor (SI Fig. S16). Doing so does not
change any of the subsequent conclusions, including the
temperature- and strain-dependence of the entropy, and
the temperature dependence of the quadrupole strain
susceptibility.

The above data can be used to reconstruct the entropy
landscape. Starting from the measured heat capacity as
a function of temperature, simple integration with re-
spect to temperature yields S(T, e,y = 0). Because the
experiment measures 0T'/0e,, for adiabatic conditions, a
process of numerical iteration can be used to sequentially
build up the entire entropy landscape. The result of per-
forming this process is shown in Fig. 5 with the entropy
shown as a colorscale. Here we have included the factor
of five mentioned above in order to capture the full en-
tropy. This entropy analysis can be compared with the
anticipated theoretical result, using the known Hamilto-
nian and magnetoelastic coupling coefficients [25]. Start-
ing from the measured zero-strain heat capacity, the ob-
tained entropy landscape (Fig 5(b)) closely matches that
determined from the Hamiltonian (Fig 5(a)).

Determining the quadrupole strain susceptibility

Further analysis of the data presented above yields an
estimate of the quadrupole strain susceptibility. To un-
derstand this, it is helpful to briefly consider the thermo-
dynamic quantity that is being measured. Specifically,

or _ (0S / 95 :%5 T (1)
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where we have used a Maxwell relation to relate the strain
derivative of the entropy to the temperature derivative
of the elastic modulus cg¢, and C; is the heat capacity
under constant strain. We use the volumetric heat ca-
pacity in our subsequent analysis to allow for a direct
comparison with ultrasound measurements. For materi-
als that undergo a continuous, xy-symmetric quadrupo-
lar (or more generally nematic[26]) phase transition, the
temperature dependence of cgg is given, quite generally,

by ce6(T) = ¢l — A*xB,,, Where ¢ is a ‘bare’ (un-
renormalized) elastic stiffness, A\ is the coupling con-
stant that relates strain and the order parameter (i.e.
the free energy contains a term AF ~ Aep, VUp, ), and
XBa, = O(Pyy) /0csy is the quadrupole strain suscepti-
bility [17]. In other words, the measured adiabatic elas-
tocaloric coefficient is proportional to the temperature
derivative of the quadrupole strain susceptibility. And
because this is measured at a non-zero frequency, it is
technically a dynamic susceptibility (albeit, in this case,
strictly in the DC limit given the measurement frequency
of 211 Hz). All that is required to obtain this quantity
is to extract the slope of 0T /0e,, with respect to &4y
(i.e. the slope of the data shown in Fig. 4) and mul-
tiply by the measured heat capacity. In the absence of
heat capacity measurements performed in situ, we use
data obtained from a standard relaxation technique for
which subtle differences in strain conditions can affect
the heat capacity (SI Fig. S12) and consequently the
extracted susceptibility at the lowest temperatures. To
compensate for strain effects, we have corrected the heat
capacity to better match the low-temperature ultrasound
data (SI Fig. S14). There are no differences above 6 K
and the low temperature upturn remains a robust feature
regardless of subtle differences in the heat capacity.

Fig. 6 shows the result of performing this analysis,
with details described in the SI. As can be seen, the data
diverge towards low temperature. More specifically, the
data can be very well fit to A(T — 0)?, the anticipated
functional form assuming xp,, follows Curie-Weiss be-
havior. It is precisely this diverging quadrupole suscep-
tibility that permits the large elastocaloric effect, and
supports our proposal to use adiabatic decompression of
such materials for cryogenic cooling.

Because of the relationship between the ECE and
Ocge /0T, we can also compare our measurement to di-
rect measurements of the elastic stiffness tensor, in this
instance from pulse-echo ultrasound measurements. For
a carefully chosen experimental geometry (see Methods
and ST Material), the speed of sound obtained from these
pulse-echo measurements yields an estimate for the spe-
cific combination of stiffness coefficients (cgg + c11 + €12).
Since the singular behavior associated with xp,, only af-
fects cgg, any weak temperature dependence associated
with ¢11 and ¢12 is overwhelmed by that of cgg, and thus
taking the temperature derivative of this quantity yields
a result that is predominantly determined by dxg,,/0T.
The agreement between the ECE and pulse-echo mea-
surements (and earlier estimates of cgg[24]) is remark-
able, as is the agreement with the anticipated Curie-
Weiss functional form.

DISCUSSION

We have demonstrated that TmVO, displays a giant
elastocaloric effect at low temperatures (Fig. 4). The
large magnitude reflects a large (diverging) quadrupole
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FIG. 6. Divergence of the quadrupole strain susceptibility
of TmVO4. Red line shows a fit to the anticipated Curie-
Weiss functional form, with fit parameters matching previ-
ously determined values (see main text). Right hand axis
(blue data) shows the temperature derivative of the elastic
moduli (es6 + c11 + c12), obtained from ultrasound measure-
ments (see main text). Agreement between the functional
form of the two measurements indicates that imperfect adi-
abaticity in the ECE measurement does not contribute any
additional temperature-dependence to the measured signal.

strain susceptibility (Fig. 6), which suggests that a
large cooling effect may be possible for temperatures well
above the phase transition. This ultimately derives from
a combination of a large magnetoelastic coupling and the
preservation of a large entropy to low temperatures, both
of which are implicit in such a Jahn-Teller active ma-
terial for which the cooperative phase transition occurs
at such a low temperature. The material is not unique
in this regard, and other examples for which a similarly
large, low-temperature ECE can be anticipated. Indeed,
a search for similar materials with even larger magne-
toelastic coefficients could result in materials for which
strain is an even more effective tuning parameter.

The principle of cooling via adiabatic decompression of
para-quadrupolar (or more generally para-nematic) ma-
terials, as we have outlined here, is straightforward. Such
a method has several distinct advantages over traditional
methods for cooling in the temperature regime below 2
K, for which either adiabatic demagnetization or *He (ei-
ther pumped 2He or as a mixture with *He in a dilution
refrigerator) are standard choices. First, this is a ‘dry’
technology, capable, at least in principle, of taking a 10 K
sample stage down to sub Kelvin base temperatures with-
out specifically requiring the use of liquid helium, and
thus reducing the need for complex gas/liquid handling
systems. In contrast to adiabatic demagnetization, elas-
tocaloric cooling does not require application of magnetic
field, which saves on costly infrastructure and can be used
in applications for which zero magnetic field is a require-
ment. In addition, the piezoelectric actuators that we
have used to control the strain in these experiments have

rapid response times (much less than a millisecond), in
contrast to ramping a magnetic field for adiabatic demag-
netization (which takes several minutes), which in prin-
ciple enables rapid cycling of the thermal cycle, therefore
increasing cooling power. Finally, in contrast to typical
higher-temperature ECE cooling technologies, adiabatic
decompression of para-quadrupolar materials specifically
uses a working material that can be kept in a homoge-
neous state above its critical temperature where nematic
fluctuations, and therefore the elastocaloric response, are
still large, significantly reducing concerns over sample fa-
tigue.
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MATERIALS AND METHODS

TmVO, crystals were grown using a molten flux tech-
nique by dissolving TmsO3 powder into PbyV,07 flux
as previously described [27, 28]. The sample used for the
experiments performed here was cut from a large sample
such that the long axis, and hence the stress applied, is
along [110]. For the measurements presented, the sample
was affixed to a Razorbill CS-100 cell using 5-minute and
2-ton epoxy. The dimensions of the strained portion of
the sample measured approximately 950 pm x 360 pm
x 65 pm (I x w x t). The sample was coated with a very
thin layer of Angstrom Bond to reduce the likelihood of
the sample breaking. Temperature oscillations were mea-
sured using a ruthenium oxide Wheatstone bridge, with
one thermometer mounted via a gold wire heat pipe on
the sample with DuPont 4929N silver paste (to eliminate
the elastoresistance response of the thermometer) and the
others mounted nearby but off of the sample. A render-
ing of the experimental setup is shown in Fig. 2(b). We
induce DC offset strains simultaneously with our probing
AC strain via piezoelectric stacks. More details on the
thermometry setup are included in the SI.

Heat capacity measurements were completed using a
Quantum Design Physical Properties Measurement Sys-
tem using the standard 27 relaxation technique. In these
measurements, the sample is affixed to a platform using
Apiezon N-grease, which freezes, and therefore stresses
and strains the crystal via differential thermal contrac-
tion [29] (see SI for more details).

The temperature dependence of cgg was measured us-
ing a standard phase-comparison pulse echo technique.



Single-crystal samples of TmVO, were prepared with two
parallel faces normal to the [110] and [110] directions.
The faces were aligned to better than 1 degree using
Laue diffraction and polished using diamond lapping film.
Thin-film, ZnO, longitudinal-mode transducers were RF
sputtered using a ZnO target in a mixed oxygen/argon
atmosphere.

Measurements were performed in an Oxford Instru-
ments Heliox 3He refrigerator. Short bursts (typically
~ 50 ns) of radiofrequency signals, with the carrier fre-
quency of approximately 500 MHz, were generated with a
Tektronix TSG 4106 A RF generator modulated by a Tek-
tronix AFG 31052 arbitrary function generator, ampli-
fied by a Mini-Circuits ZHL-42W+ power amplifier, and
transmitted to the transducer. The signal was detected
with the same transducer, amplified with a Mini-Circuits
7X60-3018G-S+ amplifier, and recorded on a Tektronix
MSO64 oscilloscope. The detection amplifier was isolated
from the power amplifier using Mini-Circuits ZFSWA2-
63DR+ switches, timed with the same Tektronix AFG
31052 arbitrary function generator.

Data Availability

Figure data have been deposited in spread-
sheet format in the Stanford Digital Repository
(https://purl.stanford.edu/kv702yw2050).
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