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ABSTRACT

Quantum information science and engineering require novel low-loss magnetic materials for magnon-based quantum-coherent operations.
The search for low-loss magnetic materials, traditionally driven by applications in microwave electronics near room temperature, has gained
additional constraints from the need to operate at cryogenic temperatures for many applications in quantum information science and tech-
nology. Whereas yttrium iron garnet (YIG) has been the material of choice for decades, the emergence of molecule-based materials with
robust magnetism and ultra-low damping has opened new avenues for exploration. Specifically, thin films of vanadium tetracyanoethylene
(V[TCNE]x) can be patterned into the multiple, connected structures needed for hybrid quantum elements and have shown room-
temperature Gilbert damping (a¼ 4� 10�5) that rivals the intrinsic (bulk) damping otherwise seen only in highly polished YIG spheres (far
more challenging to integrate into arrays). Here, the authors present a comprehensive and systematic study of the low-temperature magneti-
zation dynamics for V[TCNE]x thin films, with implications for their application in quantum systems. These studies reveal a temperature-
driven, strain-dependent magnetic anisotropy that compensates the thin-film shape anisotropy and the recovery of a magnetic resonance
linewidth at 5K that is comparable to room-temperature values (roughly 2G at 9.4GHz). The authors can account for these variations of the
V[TCNE]x linewidth within the context of scattering from very dilute paramagnetic impurities and anticipate additional linewidth narrowing
as the temperature is further reduced.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1116/5.0044193

The search for low-loss magnetic materials dates to the early days
of radio and microwave electronics,1–3 and the study of elementary
excitations, or magnons, in these magnetically ordered materials has
proven to be a rich area of research for both fundamental physics and
their potential technological applications. More recently, interest in
these low-loss systems has expanded to include applications in the
field of quantum information technology such as quantum sensing
and quantum transduction,4–7 wherein low-temperature operation
allows for the freeze-out of thermal excitations and access to the
single-quantum regime. In this regime, the field of quantum mag-
nonics utilizes hybrid architectures for coupling magnons to other
quantum degrees of freedom, such as microwave photons, with the
aim of extending their functionality to the quantum limit.8,9 It has
been demonstrated that magnons can be resonantly excited over a

wide range of microwave frequencies, allowing for precise control of
qubit states mediated by coherent exchange via cavity-mode photon
excitations.4,7 Magnons also exhibit the potential to coherently couple
localized spin qubits with high cooperativity.10 However, while mag-
nons exist in a wide range of materials, the same delocalized electrons
that are most often responsible for stabilizing a ferromagnetic order
also contribute to electron–magnon scattering,11 leading to substantial
losses in most metallic ferromagnets. As a result, the study of low-
dissipation magnon dynamics for quantum applications has focused
on insulating ferromagnets and ferrimagnets, with yttrium iron garnet
(YIG) and its close relatives holding pride of place as the benchmark
low-loss materials for more than 50 years.4,12–14 As a result, despite
these long-standing and emerging needs, applications are still con-
strained by the material limitations of YIG, namely, the need for
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growth or annealing at high temperatures (typically 800 �C)15–17 and
the resulting difficulty in integrating and patterning YIG thin-films
with other microwave electronic structures and devices.

In this context, the emergence of the molecule-based ferrimagnet
vanadium tetracyanoethylene (V[TCNE]x) has dramatically expanded
the playing field for low-loss magnets. Despite what one might expect
from its molecular building blocks, V[TCNE]x has a magnetic order-
ing temperature of over 600K and shows sharp hysteresis at room
temperature.18–20 Moreover, its dynamic properties are exceptional,
showing an ultranarrow ferromagnetic resonance (FMR) linewidth
(typically �1–1.5G at 9.4GHz) with a Gilbert damping parameter, a,
of 4� 10�5 for thin-films.18,21 As a comparison, the best YIG thin-
films typically show a¼ 6.5� 10�5 (Ref. 22), and a value of 4� 10�5

is competitive with the intrinsic damping of bulk YIG a¼ 3
� 10�5.15,23 From an application perspective, V[TCNE]x has been
shown to deposit on a wide variety of substrates without compromis-
ing material quality,24–26 facile encapsulation allows for direct integra-
tion with pre-patterned microwave structures for operation under
ambient conditions,27 and recent work has demonstrated patterning at
length scales down to 10lm without increased damping.21 However,
while these properties clearly establish the potential of V[TCNE]x for
new applications in traditional microwave electronics, very little is
known about its low-temperature magnetization dynamics and there-
fore its potential for applications in quantum information science and
engineering (QISE).

Here, we present a detailed study of the low-temperature mag-
netic resonance of V[TCNE]x films. We identify two regimes. In the
high-temperature regime, extending from 300K down to 9K, we
observe a monotonic shift in the resonance frequency consistent with
a temperature-dependent strain. This strain results in a crystal-field
anisotropy that increases with decreasing temperature with a magni-
tude of at least 140Oe and the same symmetry, but opposite sign, to
the shape anisotropy of the thin-film. In addition, we observe an
increase in the linewidth consistent withmagnon scattering from para-
magnetic impurities similar to what has been observed in YIG,23,28,29

but with an amplitude three times smaller (i.e., an increase in linewidth
by nine times in V[TCNE]x as compared to 28 times in YIG23,30). In
the low-temperature regime, starting at 9K and extending to 5K, we
observe a discontinuous change in both anisotropy and linewidth; the
anisotropy abruptly reverts to the room-temperature symmetry (in-
plane easy-axis), and the linewidth approaches room-temperature val-
ues (2.58G) at 5K. This linewidth variation can be explained using a
model for scattering between magnons and paramagnetic impurities
that takes into account the finite spin lifetime of the impurity
spins.23,31 At high temperatures (above 100K), the spin lifetime is suf-
ficiently short that changes in temperature do not lead to significant
changes in scattering rate, and at low temperatures (below 9K), the
spin lifetime becomes long with respect to the spin-magnon scattering
time, resulting in a saturation of the excited state. At intermediate tem-
peratures (from 9K to 100K), this spin-magnon scattering dominates
relaxation due to the increase in the ground state impurity population,
which results in a local maximum in the linewidth that is nine times
larger than the room-temperature value. These results are extremely
promising for low-temperature applications of V[TCNE]x magnonics,
promising low-temperature magnon resonators with unprecedented
low loss that can be integrated on-chip into microwave electronic
circuits and devices.20,21

For this study, thin films of V[TCNE]x are deposited on sapphire
[Al2O3 (0001)] substrates using a chemical vapor deposition (CVD)
growth process consistent with prior reports.18,19 Briefly, argon gas
transfers the two precursors tetracyanoethylene (TCNE) and vana-
dium hexacarbonyl [V(CO)6] into the reaction zone of a custom-built
CVD reactor [Fig. 1(a)] where V[TCNE]x is deposited onto polished
sapphire substrates. The system is temperature controlled to maintain
the TCNE, V(CO)6 and the reaction zones at 65 �C, 10 �C, and 50 �C,
respectively. After growth, the sample is mounted on a custom,
microwave-compatible sample holder and sealed using a septa cap in
an electron paramagnetic resonance (EPR) grade quartz tube in an
argon environment. When the sample is not being measured, it is
stored in a �35 �C freezer housed in an argon glovebox and is stable
for over one month.27

FIG. 1. (a) Schematic (planar view) of the CVD growth system; (b) FMR scan of the
V[TCNE]x thin film at 300 K with the applied magnetic field applied in the plane (IP)
of the sample with h ¼ 90� and resonance frequency of 9.4 GHz. DHpp denotes
the peak-to-peak linewidth measured as the difference between the positive and
negative peak positions; (c) FMR line scans for in-plane field orientation at 300 K,
80 K, and 40 K with h ¼ 90� and resonance frequency of 9.4 GHz.
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Ferromagnetic resonance (FMR) measurements are performed
using a Bruker EMX Plus X-band EPR spectrometer at temperatures
ranging from 300K down to 5K. The microwave frequency of the
spectrometer is tuned between 9 and 10GHz for optimal microwave
cavity performance before the measurement, and then the frequency is
fixed while the DC field is swept during data collection. Figure 1(b)
shows a representative room-temperature FMRmeasurement of a typ-
ical V[TCNE]x thin-film with the external magnetic field applied in
the plane of the sample. The resonance feature is consistent with previ-
ously reported high-quality V[TCNE]x thin-film growth, showing a
peak-to-peak linewidth of 1.5G at 9.4GHz.18,19

Comparing these data to FMR measurements at temperatures of
80K and 40K [Fig. 1(c)] shows an increase in the resonance field of
over 40G (roughly half of the saturation magnetization, 4pMs) as the
temperature decreases. Since the applied microwave frequency is held
constant at 9.4GHz, this shift must arise from fields internal to the
V[TCNE]x film, i.e., magnetic anisotropy fields. Note that since the
value of the DC applied field varies between 3350 and 3450G, well
above 4pMs, changes in the magnetization of the film are not expected
to contribute to this field shift. In a similar fashion, changes in the
shape-dependent anisotropy fields can be ruled out, leaving only
changes to the crystal-field anisotropy as a potential source of this phe-
nomenon. Crystal-field anisotropy originates from the interaction of a
material’s mean exchange field and the angular momenta of neighbor-
ing atoms (ions) in the material, indicating that there is a temperature
dependence to the local atomic environment within the V[TCNE]x
films, e.g., due to a temperature-dependent strain within the film.

In order to more comprehensively map out this phenomenon,
angle dependent FMR measurements are performed to quantitatively
track changes in the magnetic anisotropy at temperatures of 300K,
80K, and 40K (Fig. 2). Variation of the magnetic resonance field as a
function of the angle between the applied field and the principal axes
of the film can be modeled by considering the free energy of the mag-
netic system with anisotropic contributions. If we consider the case of
a uniaxial anisotropy with the hard axis perpendicular to the easy axis
and where the magnetization is parallel to the external field (i.e., exter-
nal field is much larger than the saturation magnetization, as is the
case here), the total magnetostatic energy is as follows:32

E ¼ �M �H þ 2p M � nð Þ2 � K M � u=Mð Þ2; (1)

whereM is the magnetization, H is the applied magnetic field, n is the
unit vector parallel to the normal of the magnetic sample, u is the unit
vector parallel to the easy axis, and K is an anisotropy constant. For
the case of in-plane uniaxial anisotropy, this simplifies to

E ¼ �MH sin/sin2hþ cos2h
� �

þ 2pM2cos2h� Ksin2hsin/2; (2)

where h is the angle between M and the sample normal and / is the
azimuthal angle. Minimizing the magnetostatic energy with respect to
h, one will find that the easy-axis orientation occurs when h ¼ 2np
6 p

2, where n is an integer. Using this simple symmetry analysis, we
can see that the data in Fig. 2 indicate that the easy axis lies in-plane at
a temperature of 300K (i.e., the resonance field is smallest when the
applied magnetic field lies in-plane) and out-of-plane at a temperature
of 40K (i.e., the resonance field is smallest when the applied magnetic
field is out-of-plane). In this context, the lack of variation in resonance
field at 80K indicates a nearly isotropic magnetic response. This switch

in magnetic easy-axis from in-plane to out-of-plane further supports
the proposition that there is an additional temperature-dependent
crystal-field contribution to the magnetic anisotropy.

In previous studies, templated growth of V[TCNE]x resulting in
nanowire morphologies induced an additional in-plane magnetic
anisotropy with easy axis perpendicular to the long axis of the nano-
wires, strongly suggesting the presence of a strain-dependent contribu-
tion to the crystal-field anisotropy.33 In the thin films studied here,
such a strain-dependent crystal-field effect would be expected to gen-
erate anisotropy parallel to the surface normal, i.e., in the out-of-plane
direction. The anisotropy field would then be parallel to the expected
shape anisotropy from a thin film, though not necessarily with the
same sign. As a result, if there is a difference in the coefficient of ther-
mal expansion between the V[TCNE]x film and the sapphire substrate
then the temperature dependence of magnetic anisotropy can poten-
tially be understood as a proxy for a temperature dependence of strain
in the thin film; such variations in strain lead to changes in the local
atomic structure, leading to the observed changes in magnetic anisot-
ropy. We note that while the coefficient of thermal expansion for
V[TCNE]x has not yet been measured, the value for sapphire is
5.4 ppm/K and typical values for molecular-based solids can range
somewhere between 28 and 500 ppm/K.34 Assuming no strain at room
temperature, this would then imply a compressive strain between
0.67% and 15% at the sapphire–V[TCNE]x interface at 5K, leading to
an out-of-plane distortion whose symmetry is consistent with the
observed anisotropy.

FIG. 2. Angle-dependent FMR spectra at temperatures of 300 K, 80 K, and 40 K at
different field orientations with respect to the sample normal. Nominally, the sample
is rotated from h ¼ �10� to h ¼ 100� in increments of 10�, where h ¼ 90� and
h ¼ 0� are in-plane and out-of-plane field orientations, respectively. Angle correc-
tions have been taken into account [through fitting with Eq. (3)] to reflect the actual
rotation angles, denoted by the black arrows to the right of each of the
temperature-labeled panels.
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A schematic describing how these two anisotropy fields would
be expected to interact as a function of temperature can be found in
Fig. 3(a). At a temperature of 300K [Fig. 3(a), upper panels], the orien-
tation of the easy axis is determined by the shape anisotropy, resulting
in an in-plane easy axis for thin films. However at a temperature of
40K [Fig. 3(a) lower panels], there is an additional crystal-field anisot-
ropy, H?, proposed that dominates the shape anisotropy, reorienting
the easy axis to be out-of-plane. This symmetry analysis also explains
the lack of orientation dependence at a temperature of 80K, which is
apparently the temperature at which the strain-driven crystal-field
anisotropy perfectly cancels out the shape anisotropy. We note that
similar phenomenology is also observed in vanadium methyl tricya-
noethylenecarboxylate (V[MeTCEC]x) thin films (see the supplemen-
tary material) indicating that this temperature- and strain-dependent
anisotropy is a general property of this class of metal-ligand
ferrimagnets.

The fact that the shape and proposed crystal-field anisotropies
have the same symmetry makes it challenging to distinguish between
the two; therefore, an effective field is defined as Heff ¼ 4pMeff

¼ 4pMs �H?, where Ms is the saturation magnetization and H? is
the crystal-field anisotropy. Figure 2 shows the effects of this net anisot-
ropy field in the form of resonance field shifts and a change in the easy-
axis orientation. Quantitatively extracting the magnitude and direction
of this anisotropy field provides detailed insight into the role of crystal-
field anisotropy in tuning the magnetic response of V[TCNE]x thin-
films. To this end, each scan is fit to the sum of the derivatives of
absorption and dispersion from a Lorentzian function to extract the res-
onance frequency and linewidth (experimental data are obtained using
a modulated-field technique that yields the derivative of the expected
Lorentzian resonance line shape). For scans showing an out-of-plane
easy axis, a single derivative sum provides good agreement with the
data, while for scans showing in-plane easy axis, a more complex struc-
ture is observed requiring the addition of up to three derivative sums. In
the results discussed below, we focus on the behavior of the primary, i.e.,
largest amplitude, peak (a full description of the fitting and resulting
phenomenology can be found in the supplementary material).

Figure 3(b) shows the extracted resonance field plotted against
sample rotation angle for the high-and low-temperature data shown in
Fig. 2, 300K and 40K, respectively. Taking into account a uniaxial
out-of-plane anisotropy defined by Heff , as described above, the angu-
lar dependence for in-plane to out-of-plane rotation of a thin film
sample is given by19,35,36

x
c
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H � Heff cos2h
� �

H �Heff cos2h
� �q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H � 4pMs � H?ð Þcos2hð Þ H � 4pMs � H?ð Þcos2hð Þ

p
; (3)

where x is the resonance frequency and c is the gyromagnetic ratio.
As a result, the phenomenology of the data presented in Fig. 2 can be
understood as an Heff that is positive at 300K and negative at 40K, as
H? increases with decreasing temperature, consistent with the mecha-
nism for anisotropy switching described in Fig. 3(a). This qualitative
understanding can be made quantitative by fitting the data in Fig. 2
using Eq. (3) to extract Heff ¼ 4pMeff of 91.2 6 1.6G and �22.8
6 0.4G, respectively.

Figure 3(c) shows this Heff plotted against temperature over the
temperature range from 300K to 5K, extracted from angular

FIG. 3. (a) Schematic of the changes in anisotropy at 300 K and 40K. Happ denotes
the external magnetic field, Hdemag represents the demagnetizing field of the V[TCNE]x
film, and Hcrystal is the crystal-field anisotropy. It should be noted that a finite thin film
has a (negligibly) small demagnetization field when the external field is applied in the
plane since this is not a truly infinite film; (b) resonance field at different field orientations
plotted against sample rotation angles for 300 K (open circles) to 40K (filled circles) and
fits to Eq. (3) (dashed and solid line, respectively) to extract the effective field Heff ; (c)
Heff plotted against temperature ranging from 300K to 5 K. The inset shows the FMR
lineshapes at 300 K and 5K; fitting the data to extract the linewidth at FWHM gives
1.63 and 2.58G, respectively; this shows that the two linewidths are indeed comparable
with the linewidth at 5 K only about 1.66 times larger than the room-temperature value.
For both (b) and (c), experimental errors are smaller than the point size.
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dependencies such as the measurements presented in Fig. 2. It should
be noted that each anisotropy point in Fig. 3(c) represents a fit to a
complete angular dependence such as the data shown in Fig. 3(b). The
effective field makes a smooth transition through zero from positive
(in-plane) to negative (out-of-plane) at a temperature of roughly 80K.
This behavior is qualitatively consistent with the phenomenological
model presented above and reveals a magnitude of the variation in
Heff , from þ91.26 1.6 G at 300K to �45.26 1.1 G at 10K that is
roughly 150% of the room-temperature value.

Notably, this more comprehensive study also reveals new phe-
nomenology at the lowest temperature of 5K, where the anisotropy
abruptly shifts back to in-plane with a value ofþ26.26 0.6 G (roughly
25% of the room-temperature value). This behavior reproduces across
all samples measured and is quantitatively reproduced upon tempera-
ture cycling of individual films. The abruptness of this change is dis-
tinct from the broad and monotonic behavior observed for
temperatures greater than 9K. The origin of this abrupt change is
unclear, but there are two potential explanations consistent with this
phenomenology. First, it is possible that the increase in strain results
in an abrupt relaxation through the creation of structural defects. This
explanation would require some level of self healing upon warming in
order to explain the reproducibility of the transition. Given the lack of
a long-range structural order in V[TCNE]x films as-grown,37 it is pos-
sible that any residual structural defects do not contribute to additional
magnetic loss (damping). Second, it is possible that there exist para-
magnetic spins in the system that magnetically order at temperatures
below 9K. If such spins were preferentially located in an interface
layer, for example, their ordering could create an exchange bias that
would then pull the easy axis back to an in-plane orientation.

The temperature dependence of the linewidth of the magnetic
resonance provides an additional avenue for evaluating these potential
explanations. Figure 4 shows the linewidth for the in-plane magnetic
resonance from 300K to 5K, with additional data to more clearly
resolve the sharp change between 5K and 9K. The linewidth data pre-
sented in Fig. 4 are extracted from a single (in-plane applied magnetic
field orientation) scan. As a result, the initial dataset underlying Fig. 3
was supplemented by a second temperature dependent scan at a fixed

angle in Fig. 4. These data reveal a monotonic increase in the linewidth
with decreasing temperature from 300K down to 9K followed by a
dramatic decrease in the linewidth between 9K and 5K, coincident
with the abrupt change in magnetic anisotropy. We note that in stud-
ies of YIG thin films broadly similar phenomenology is observed,
though with a maximum in linewidth that is both higher amplitude
(roughly 28 times the room-temperature value) and at higher temper-
ature (typically 25K) than is observed here.23,30 Prior work23,28 has
explained this behavior using a model of magnon scattering from
paramagnetic defect spins (also referred to as two-level fluctuators,
TLF) wherein the scattering cross section at high temperature
increases with decreasing temperature as the thermal polarization of
the spins increases. This phenomenology competes with magnon-
pumping of the paramagnetic spins into their excited state, a process
that saturates as the spin lifetime of the defects becomes long relative
to the spin-magnon scattering time. The competition between these
two processes yields a local maximum in the damping (linewidth) that
depends on the temperature dependent spin lifetime, ts, the energy
separation between majority and minority spin states, �hxeg, and the
difference between that energy splitting and the uniform magnon
energy, (�hx � �hxeg).

In this model, the linewidth expression is proportional to the
square of the exchange interaction energy between V[TCNE]x atoms
and the impurity level (�hxint)

2 � (�hxeg)
2, a line shape factor account-

ing for the finite spin lifetime, 1=ts/[�h
2=t2s þ (�hx � �hxeg)

2ts
2] and the

ratio between the ground and excited impurity states for fast impurity
relaxation, tanh(�hx/2kBT),

23,28

DH ¼ S
c

Nimp

N
�hxintð Þ2 1=ts

�h2=t2s þ �hx� �hxeg
� �2 t2s

� tanh
1
2

�hx
kBT

� �
þ HO; (4)

where Nimp/N is the ratio between number of impurities and number
of V[TCNE]x atoms, and S is the averaged V[TCNE]x spin per site,
c is the gyromagnetic ratio, and HO is a constant offset due to
other relaxation mechanisms. In addition, we assume spin lifetime

ts¼ t1 e
Eb
kBT ,31,38,39 where t1 is the spin lifetime limit at very high tem-

peratures and Eb is a phenomenological activation energy. Figure 4
includes a fit of Eq. (4) to the experimental linewidth (orange line)
that yields for S �1 and xint � xeg the parameters: xegt1¼ 0.98,
Eb¼ 1meV, xegNimp/N¼ 36.5GHz, and Ho ¼ 1G. Interestingly, if
we assume a reasonable value for �hxeg of 1.3meV, a value of Nimp/
N¼ 0.1 follows, thus indicating that V[TCNE]x is an exceptional low-
loss magnetic material even if we assume an impurity concentration as
high as 10%. This observation is consistent with the hypothesis of
insensitivity to structural defects discussed above.

However, it is important to note that the peak in linewidth coin-
cides with the abrupt reversion in anisotropy from an out-of-plane
easy-axis to an in-plane easy-axis. This change in magnetic anisotropy
has the potential to have a substantial impact on spin-magnon scatter-
ing efficiency. For example, this change will result in a shift of the
energy of the magnon bands [see Eq. (1)], and if this change involves a
commensurate change in the strain there will also be a modification to
the spin–orbit coupling and exchange parameters at the paramagnetic
defects. It should be noted that although this reentrant anisotropy is
an intriguing feature, the fits to our model for TLFs in Fig. 4 are able

FIG. 4. V[TCNE]x linewidth as a function of temperature (black points) and corre-
sponding curve fit (orange line) using Eq. (4).
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to reproduce our linewidth data without reference to this effect. As a
result, we interpret this fit as an upper bound on Eb. This is repre-
sented by the additional fits shown in Fig. S7 within the supplementary
material wherein we assume a lower temperature for the nominal peak
in linewidth occurring due to spin-magnon scattering that is experi-
mentally preempted by the change in magnetic anisotropy. These
alternate fits agree with experimental observations at temperatures
above 9K and therefore must be considered as possible mechanisms.
Moreover, if the residual paramagnetic spins are ordered at tempera-
tures below 9K, one would require a large amount of energy (� �hx)
to populate their excited states, which is unlikely to happen. Hence,
magnetic ordering of the paramagnetic spins would also enhance the
suppression of spin-magnon scattering, resulting in the sharp line-
width suppression for T< 9K.

When considering the expected behavior as the temperature is
further reduced below 5K, as would be the case for many applications
in QISE, it is useful to consider recent millikelvin-range measurements
of YIG films.40 That work confirms the expected continued narrowing
down to 500 mK followed by a modest increase from 500 mK down to
20 mK, for an overall line narrowing of roughly a factor of 2. The
model of scattering from TLFs described above is consistent with this
result in YIG if one supposes a second population of TLFs that are
dipole coupled to the magnons rather than exchange coupled, for
example, dilute magnetic impurities in the substrate or environment.
We note that extending this model into V[TCNE]x requires taking
into account: (i) the substantial difference in structure and chemistry
between V[TCNE]x and YIG and (ii) the fact thatMs. in V[TCNE]x is
roughly 20 times smaller than in YIG. The former consideration
indicates that the presence of these dipole coupled TLFs need not
correlate between the two systems, while the latter predicts that
any relaxation associated with their presence should be reduced
by a factor of 20 from Ref. 40. As a result, the overall factor of 2
decrease in the linewidth observed in YIG between temperatures
of 5 K and 20 mK should be taken as an extremely conservative
lower bound on the performance of V[TCNE]x. Given that the
linewidth in V[TCNE]x at 5 K is already on par with its room tem-
perature value, these results firmly establish the suitability for this
material for applications in quantum magnonics and related
aspects of QISE.

In conclusion, this work presents the first systematic study of the
magnetization dynamics of V[TCNE]x at low temperatures. A strong
variation in resonance frequency and anisotropy with temperature is
observed and attributed to a temperature-dependent strain arising
from the mismatch in thermal expansion coefficients between
V[TCNE]x films and their sapphire substrates. The resonance line-
width of these films is found to increase with decreasing temperature
up to a maximum value of 15G (roughly nine times the room-
temperature value) and is well fit by a model based on magnon scatter-
ing from paramagnetic defect spins. At 5K, the magnetic anisotropy
reverts to in-plane, coinciding with a nearly complete recovery of the
resonance linewidth to room-temperature values; quantitative model-
ing suggests that the linewidth behavior arises from scattering from
paramagnetic defect spins that is suppressed at very low temperature.
This suppression of spin-magnon scattering is expected to strengthen
as temperature is further decreased into the milli-kelvin range due to
freeze-out of thermal magnons and phonons, providing a compelling
case for the utility of V[TCNE]x for low-temperature microwave

applications, such as those emerging in the field of quantum informa-
tion science and technology.

See the supplementary material for datasets pertaining to
temperature-dependent anisotropy of the V[MeTCEC]x, method for
extracting linewidth of V[TCNE]x from FMR scans and additional fits
to experimental data highlighting temperature dependence of the
V[TCNE]x linewidth.
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