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Cavity magnon polaritons with lithium ferrite and three-dimensional
microwave resonators at millikelvin temperatures
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Single crystal lithium ferrite (LiFe) spheres of sub-mm dimension are examined at mK temperatures, microwave
frequencies, and variable dc magnetic field, for use in hybrid quantum systems and condensed matter and
fundamental physics experiments. Strong coupling regimes of the photon-magnon interaction (cavity magnon
polariton quasiparticles) were observed with coupling strength of up to 250 MHz at 9.5 GHz (2.6%) with magnon
linewidths of order 4 MHz (with potential improvement to sub-MHz values). We show that the photon-magnon
coupling can be significantly improved and exceed that of the widely used yttrium iron garnet crystal, due to the
small unit cell of LiFe, allowing twice the spins per unit volume. Magnon mode softening was observed at low
dc fields and, combined with the normal Zeeman effect, creates magnon spin-wave modes that are insensitive to
first-order magnetic-field fluctuations. This effect is observed in the Kittel mode at 5.5 GHz (and another higher
order mode at 6.5 GHz) with a dc magnetic field close to 0.19 tesla. We show that if the cavity is tuned close to
this frequency, the magnon polariton particles exhibit an enhanced range of strong coupling and insensitivity to
magnetic field fluctuations with both first-order and second-order insensitivity to magnetic field as a function of
frequency (double magic point clock transition), which could potentially be exploited in cavity QED experiments.
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I. INTRODUCTION

Recently, applications of low-loss magnonic systems in
physics have drawn considerable attention. Modern experi-
mental demonstrations range from quantum electrodynamics
(QED) [1,2] to fundamental physics [3-5]. The main focus
of all these experiments is on the rare-earth iron garnets, par-
ticularly, yttrium iron garnet (YIG), a material that combines
good photon and magnon properties over the entire microwave
spectrum as well as the possibility to enhance its performance
for particular applications with chemical substitution. For
room-temperature applications, it has been widely used as a
tunable element in many common microwave devices such
as filters and oscillators [6], as a material for nonlinear
studies [7,8], and as a platform for prospective magnon-
based information-processing devices [9,10]. Additionally,
YIG has been considered as a material of choice for many
implementations of hybrid quantum systems [11-18]. On the
other hand, it suffers from high losses in the optical frequency
band as well as very high refractive index, which makes optical
coupling inefficient and very hard to implement [19]. Also, the
performance of YIG for many applications may suffer from
coupling to higher order magnon modes due to possible crystal
imperfections, especially at very low temperatures. Thus, it is
interesting to compare this material to similar ferrimagnetic
single crystals that have very high spin density and narrow
magnon linewidths.
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One particular candidate is the single-phase crystal lithium
ferrite (LiFe) of empirical formula Lig sFe, 504 [20-24], which
belongs to the cubic spinel ferrites family with properties
competitive with YIG [23,24]. LiFe belongs to the class of soft
magnets with square magnetic hysteresis loops, large magneti-
zation, and strong anisotropy. Some additional properties such
as strong Dzyaloshinskii-Moriya interaction lead to proposals
for magnonic devices based on relativistic band engineering of
LiFe crystals [25]. Besides microwave applications, the mate-
rial is used for coatings of anodes for lithium ion batteries [26],
terahertz devices [27], and gas sensing [28].

Experiments that couple magnon spin-wave modes to
photonic cavities to create cavity magnon polariton (CMP)
two-level systems have recently been a fertile area of investi-
gation. For example, CMP bistability [29], CMP exceptional
points [30], and CMP manipulation of distant spin currents [31]
have recently been observed. In this paper, we couple a 3D
lumped photonic resonant cavity to a LiFe sphere to create
CMPs and illustrate the potential for QED at microwave
frequencies and mK temperatures. Furthermore, we observe in
the dispersive regime of the cavity, magnon spin-wave modes,
which are first-order insensitive to magnetic field close to
5.5 GHz in frequency. We show that if the cavity mode can be
tuned to this magnetic field insensitive point of the magnon,
where df/d B = 0, we create a two-mode CMP with enhanced
coupling range and reduced curvature (point of inflection, with
both dfcmp/dB = 0 and d? fomp/d B> = 0), similar to a dou-
ble magic point atomic clock transition [32]. Previously, solid-
state clock transitions have been observed in nuclear, electron,
and hyperfine solid-state spin systems, such as NV in diamond
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FIG. 1. (a) Double post re-entrant cavity (without top lid) with a
LiFe sphere in external magnetic field, with cross-section in (b). This
cavity supports a dark 14 and a bright mode | 1 as shown in (c).

[33,34], Eu** in YSO [35], and Bismuth in Si [36—40], as well
as molecular spin systems [41,42].

II. CAVITY MAGNON POLARITONS WITH A LITHIUM
FERRITE SPHERE

The LiFe specimens were highly polished 0.46-mm-
diameter spheres glued onto a microwave ceramic post with
specific orientation. The post as well as the external dc field
are oriented along the (110) crystallographic direction of the
sphere. The spheres exhibit ferrimagnetic resonance linewidth
AH of 1 Oe and the saturation magnetization oM, of 0.37 T
at room temperature. The refractive index of LiFe thin crystal
is measured to be ~2.6 at 800 nm and ~2.3 at 1550 nm [27],
and permittivity at microwave frequencies is approximately
15, close to that of YIG [43,44]. In this paper, we investigate
LiFe properties using cavity methods at 20 mK and a very low
photon excitation number. For this purpose, a cavity containing
a LiFe crystal is attached to the lowest temperature stage
of a dilution refrigerator inside a superconducting magnet
and characterized as a function of the dc magnetic field
using continuous wave excitation. The experimental setup is
described in detail in previous works [45,46].

The material is characterized using a re-entrant microwave
cavity [47,48]. Such resonators are typically cylindric, with a
metallic post attached to one of the conducting faces, which
stops just short of the opposite face, forming a small gap. The
re-entrant mode has the electrical field confined in this gap
and the magnetic field around the post, and thus the metallic
rod forms a 3D lumped element LC resonator. The re-entrant
mode resonance frequency can be calculated as a resonance
of a corresponding LC-circuit, thus the resonance frequency
is proportional to a square root of the gap distance [47,48]. In
the double-post structure as shown in Fig. 1, low- and high-
frequency re-entrant resonances have symmetric (codirectional
currents and electric fields for both posts) and antisymmetric
(contradirectional currents and electric fields for both posts)
structures, respectively. As a result, the symmetric resonance
expels magnetic field from the space between the posts and is
henceforth referred to as the dark mode, whilst the antisymmet-
ric mode focuses the field and will be referred to as the bright
mode. This property has been used to enhance the spin-photon

coupling by placing crystal samples of subwavelength size
between the posts [46,49]. The position of the crystal inside
the cavity and orientation of the external field is shown in
Fig. 1. The other advantage of this method is the ability to
spatially separate the magnetic properties of test crystals from
electric ones. This property is achieved due to the fact that,
for the re-entrant type structure, most of the electric field
is concentrated in the gap, while the magnetic field spreads
around the posts leading to their strong spatial separation. For
this reason, dielectric properties of LiFe crystals need not be
considered.

The cavity was measured at temperatures near 20 mK in a
dilution refrigerator as a function of dc magnetic using a su-
perconducting magnet. The excitation signals were attenuated
at 4 K and 20 mK stages down to the level of a few photons.
The transmitted photons were amplified by a low-noise 4 K
amplifier separated from the cavity by a circulator. The cavity
of 10 mm diameter and 3.8 mm height was made of oxygen-free
copper with 2-mm-diameter posts separated by 1.5 mm from
the cavity center. With these dimensions, the filling factors
(ratio of the magnetic energy stored in the LiFe sphere and
the total magnetic energy in the cavity) for the bright and dark
modes were estimated to be 0.1% and 10~%, respectively.
The former may be greatly increased by minimizing the cavity
height and separation between the posts [46] without change
of resonant frequency.

The photon-magnon coupling experiment with the 0.46-
mm-diameter sphere was repeated twice using different values
of the gap between the top of the posts and the cavity lid.
The system responses for the cases of larger gaps and smaller
gaps as a function of external magnetic field and frequency
are shown in Figs. 2 and 3, respectively. A run with larger
gaps gives higher resonance frequencies and is referred to as
a higher frequency (HF) experiment, accordingly, the smaller
gap case results in lower frequencies (LF). In each case, the
system is characterized in the vicinity of the dark and bright
modes with corresponding frequencies f}4 and f4.

Near each avoided level crossing, the system may be
approximated by the simplest linearly coupled two harmonic
oscillator model:

H/h = vpa'a + v, (B)b'b + g(a'b + b'a), (1)

where a' (a) and b (b) are creation (annihilation) operators
for photonic and magnon modes with corresponding resonance
frequencies of vp, and v,,(B), and the magnon resonance fre-
quency is controlled via the external magnetic field (B) due
to the Zeeman effect v,, = gup(B + By)/h. Here up is the
Bohr magneton, g is the effective Landé g-factor, and B is
an effective magnetic field bias. The summary of the model
parameters for two modes of two experiments are given in
Table I. For all experiments with the 0.46 mm (110) sample,
the magnon linewidth is estimated to be on the order of 9 MHz.
The maximum observed coupling is 250 MHz at 9.5 GHz (i.e.,
g/w = 2.6%), which would be improved further by increasing
the filling factor. If the filling factor could be increased to even
3%, a value which was previously demonstrated with a YIG
sphere inside the same type of cavity [46], one could increase
the coupling to 1.3 GHz or 13.7% of the resonant frequency.
In the case of the YIG sphere experiment, magnon-photon
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FIG. 2. Frequency response of the LiFe sphere-cavity system as
a function of external dc field for the HF case: (a) close to the bright
mode | 1, (b) near dark mode 11.

coupling of 2 GHz at 20.6 GHz or 9.7% [46] was measured,
and was achieved using a sphere of 0.8 mm diameter, hence a
5.3 times larger volume than the LiFe described here.

III. MAGNETIZATION PROPERTIES OF LITHIUM
FERRITE AND COMPARISON TO YIG

For several particular applications, the spin density or
the total number of spins is the important parameter for
comparison. Thus, it is interesting to compare LiFe to the most
popular magnonic material YIG. Unlike YIG, LiFe exhibits
spinel structure with one Fe** ion occupying the tetrahedral
sites compared to 1.5 ions occupying the octahedral sites
and oriented antiparallel, which means there are An = 0.5
dominant octahedral ions in each unit cell. Both types are
Fe**, which carry 5 Bohr magnetons and thus determine the
effective spin density to be Ny = M /pup ~ 3.2x10%*? cm™3.
With a magnetic moment of a unit cell equal to 10 p and
a typical M; value of 0.175T, the effective spin density of
YIG may be estimated to be 1.5x 10?2 cm—3, two times less.
Compared to YIG, the larger spin density of LiFe is due its
unit cell occupying a smaller volume, which is verified via the
considerably stronger normalized photon-magnon coupling as
discussed above.

Besides the main uniform magnetization precession mode,
the sphere under cryogenic conditions exhibit a number of
higher order magnon modes as seen for both bright and dark
modes in both Figs. 2 and 3. These effects are also seen for
all tests of YIG at low temperatures and typically attributed
to arising anisotropies. It is found that the frequencies of
these modes cannot be predicted by the same theory [50] as
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FIG. 3. Frequency response of the LiFe sphere-cavity system as
a function of external dc field for the LF case: (a) close to the bright
mode, (b) close to the dark mode 11, which has been fitted with a
two-mode model, with the coupled (uncoupled) solutions in dashed
purple (white) and showing two mode crossings. The lower crossing in
(b) is not in the strongly coupled regime due to excess magnon losses
at low magnetic field, while the upper crossing is strongly coupled.

successfully applied to YIG spheres [46] due to the strong
anisotropy.

Here one has to mention that there has been only one
recent experiment where ferromagnetic resonance (FMR)
measurements for LiFe were taken over a broad range of
frequencies [51]. Therefore, not much detail can be found in
the literature on the field dependence of the FMR frequency
for this type of ferromagnetic spinel. What is known is that
our LiFe material should possess a cubic magnetocrystalline
anisotropy [52,53] with (111) being an easy magnetization axis
(and (100) being the axis along which the resonance linewidth
is minimal [54]). However, the shapes of the hysteresis loops
for the spheres [Fig. 4(a)] taken for (110) and (111) directions
are qualitatively the same, and both are characteristic for hys-
teresis measurements taken at an angle with an easy axis. This
may suggest that, in addition to the magnetocrystalline cubic

TABLE 1. Parameters of avoided level crossing between the
uniform magnon made to cavity resonances.

Mode Vpn (GHz) g By (mT) g (MHz)
HF ;4 6.67 ~2 6.4 9
LF44 5.96 ~2 8.2 68
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FIG. 4. (a) Magnetization loops for LeFe spheres at 300 K and
3 K with the external field scaled to the saturation field. (b) Curve fits
to resonance peaks at low frequencies.

anisotropy, our samples may also possess a uniaxial anisotropy
potentially induced during sphere grinding, as the axis of
this anisotropy is not along (110) or (111). A more detailed
experimental analysis of the nature of the spheres magnetic
anisotropy is beyond the scope of this paper. Importantly,
we show there is enough evidence that the spheres possess
a significant anisotropy field. This evidence is not only the
shape of the hysteresis loops, but also a fact that linear fits
to sections of the lines in Fig. 4(b), which correspond to the
magnetically saturated state of the spheres, deliver an vertical
offset of f;, = 440 MHz from zero field for the (110) 0.58 mm
sphere at 20 mK (see Table II for other cases).

Given this evidence, the nonmonotonicity of the curves in
Figs. 2(b) and 3(b) can be explained as mode softening [55].
This is seen in their magnetic-field dependence resulting in
a magnon magnetic field insensitivity (dB/df = 0) at By =
0.191T as seen in as turnover points in the magnon resonance
dependence on the external field. This value of the turnover
point is associated with the properties of the hysteresis loop
of LiFe. To identify the softening field, the sample hysteresis
loop was measured at 3 K as well as at room temperature and
plotted in Fig. 4(a). As it is seen from this figure, the magnetic

TABLEII. Parameters of the gyromagnetic curve for the uniform
precession magnon mode.

B fs fb d

Sample ¢ g, (mT) (GHz) (MHz) (MHz)

(110) 0.46 mm, 20 mK —0.81 2.02 194 5.56 90 9
(110) 0.46 mm, 4 K —-0.72 2.01 192 557 142
(110) 0.58 mm, 20 mK —0.71 2.01 180 5.55 440
(111) 0.58 mm, 20 mK —1.19 1.96 189 5.32 10

W B~ O

hysteresis loop measurement demonstrates that B corresponds
to the saturating field of the material.

In Silber et al. [55], it is shown that if a sphere is magnetized
at an angle to the easy axis, the frequency vs field dependence
can be separated into three sections. Above the saturating
field, all spins in the material are perfectly co-aligned and also
co-aligned with the external field. This results in dynamics
obeying Kittel equation for the ferromagnetic resonance fre-
quency (Field Range 3). Below this field, two regimes can
be identified. The first regime is in the closest vicinity of
the saturating field (Field Range 2). Here the material is in
a single-domain state, as above the saturating field, but the
magnetization vector is not collinear to the applied field—the
vector is closer to the easy axis than the field. With an increase
in the field, the vector rotates closer to the field. This leads to an
increase in the FMR frequency. Importantly, in contrast to the
fully saturated state, the dependence is not a straight line, with
the curvature diminishing with an approach to the magnetic
saturation (at which the static magnetization vector becomes
aligned to the field). At smaller fields (Field Range 1), the
sphere is broken into magnetic domains with magnetization
vectors in them aligned along the easy axis (or multiple easy
axes for cubic anisotropy). As shown theoretically by Smith
and Beljers [56], in this regime, the resonance decreases to a
finite value at the critical field, and then increases following
the single-domain theory from Silber et al. [55].

This explanation is consistent with the variation in the
resonance linewidth with the applied field seen in Figs. 2(b)
and 3(b). The FMR responses for Ranges 2 and 3 are character-
ized by arelatively narrow resonance line. This is coherent with
the single-domain state of static magnetization for these ranges.
For Range 1 the resonance linewidth monotonically broadens
as the magnetic field decreases. This is consistent with a more
developed domain structure for lower magnetic field values. At
room temperatures, parameter B, was measured to be 0.154 T
giving the expected temperature dependence for this value.
Finally, it is also seen from Fig. 2(b) that the higher order
magnon mode exhibits the same softening phenomenon at the
same value of external magnetic field.

To characterize the softening phenomenon, LiFe samples
of different size and orientation with respect to the applied
field were measured. The results are summarized in Table II
and shown in Fig. 4(b), which compares parameters of the
magnon resonance frequency dependencies on the external
magnetic field. Here g_, g1, By, fy, f», § are the effective
g-factor below the saturation magnetization, g-factor above
the saturation magnetization, the softening field (identified
as saturation magnetization), frequency of the magnetic field
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insensitive point where df/d B = 0, zero field frequency bias
for a linear fit to the magnetically saturated state, and an
estimation for the magnon linewidth at B > By respectively.
First, for the (110) 0.46-mm-diameter sphere, the saturation
magnetization field decreases by going from 20mK to 4K,
which is consistent with the room temperature to 20 mK
comparison. Second, the test reveals a dependence on sphere
size, with the turnover point’s field value decreasing for larger
spheres. Third, the sphere with (111) orientation demonstrates
significantly different minimum frequency and effective g-
factors. From the table, it follows that the gyromagnetic ratio
(or effective g-factor) depends on orientation, with the value
for (110) samples exceeding previously measured values at
room temperature [51].

Table IT also compares estimations of magnon linewidths for
different samples. It suggests that the bigger samples exhibit
some reduction in linewidths with the lowest value of 4 MHz at
9 GHz, possibly due to reduction of the contribution of surface
magnon scattering to the total linewidth. Nevertheless, this
value is larger than the lowest demonstrated linewidths for
state-of-the-art YIG spheres at mK temperatures, but within
an order of magnitude [1,2]. The observed minimum value of
linewidth is in accordance with the mean value of 1.35 Oe
at 5.1 GHz (or equivalently 3.8 MHz) for a batch of selected
low-defect concentration samples measured at 4.2 K [57]. To
the best of our knowledge, the lowest reported value is 0.274
Oe (equivalently 770 kHz) for a (100) sphere at 4 K around
10.8 GHz [54]. Such low values of magnon linewidths make
this ferrite material a strong alternative to YIG spheres, taking
into account the fact that LiFe material research has not been
developing with the same pace as the YIG industry in the last
50 years. Also, uniform precession modes for both samples
exhibit strong coupling of 50 MHz to the dark cavity mode at
around 8 GHz, and the second-strongest higher-order magnon
mode is coupled at the rate of 11 MHz.

IV. CAVITY MAGNON POLARITON WITH REDUCED
MAGNETIC FIELD SENSITIVITY

Figure 5 shows the frequency response between the dark
mode and magnons in the (110) 0.46 mm, 20 mK LiFe sample
as the cavity photon frequency is tuned to the turning point of
the magnon mode at 5.56 GHz. In our experiment, the cavity
dark mode is only tuned 400 MHz away [Fig. 5(a)], and we
show how the characteristics change using a two-mode coupled
model, when the cavity frequency is also tuned 200 MHz away
[Fig. 5(b)] and then to the point of exact tuning [Fig. 5(c)].
When the cavity is tuned to the point of exact tuning, the CMP
transition frequency, femp = f+ — f—, range is enhanced,
resulting in a lower curvature CMP transition frequency versus
B field characteristic and a broader range of magnetic field
where strong coupling is attained [Fig. 5(d)].

To study the properties of the CMP transition as we tune to
the magnon mode turnover point, we plot the first and second
derivative of fcump with respect to magnetic field as a function
of photonic mode cavity tuning, which is illustrated in Fig. 6.
The figure clearly shows the point of maximal hybridization
(centre of an avoided level crossing) occurs whend fomp/d B =
0 for all cavity mode de-tunings. However, as the photonic
mode cavity frequency approaches the magnon mode turning
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FIG. 5. Modeled interaction of mode crossing shown in Fig. 3(b),

lowered from its LF44 frequency of fg) = 5.96 GHz (a), to f;? =

5.76 GHz (b), and, finally, £} = f, = 5.56 GHz (c). The white and
yellow curves represent the uncoupled magnon and cavity modes’
magnetic-field dependences, respectively, whilst the dark lines repre-
sent the behavior when the two are coupled at a rate of g = 68 MHz.
The frequency difference between the higher frequency branch and
lower frequency branch (the transition frequency, fome = fi — f-)is
then plotted for each of these three cases in (d). The red stars represent

the location where the photon and magnon maximally hybridize.

point, the second order is reduced and finally reaches zero at the
maximal hybridization [curve (c)]. This is similar to a double
magic point atomic clock transition [32], which significantly
reduces the effects of magnetic field biasing fluctuations and
could potentially be exploited in cavity QED experiments.

0.20 0.21
B Field (T)

0.19

0.22

FIG. 6. First (a) and second (b) derivatives of the frequency of
the CMP quasiparticle transition with respect to magnetic field for
the same values of detuning as shown in Fig. 5.
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V. CONCLUSION

In conclusion, we investigated the properties of LiFe as a
magnonic material coupled to a photonic cavity at ultralow
temperatures. It is demonstrated that due to very high spin
density and relatively low magnon losses, LiFe spheres al-
low strong coupling regimes of magnon-photon interactions
similar to YIG (coupling strengths of hundreds of MHz),
and to thus create CMP two-level systems. With further
geometry optimizations, ultrastrong and superstrong coupling
regimes are also possible. Although the LiFe samples in
this paper are modestly inferior to the best YIG spheres in

terms of magnon losses, in principle, this ferrite crystal may
demonstrate comparable linewidths. Additionally, LiFe has
additional advantages related to enhancing the range of strong
coupling and insensitivity to magnetic-field fluctuations due
to the softening behavior combining with the normal Zeeman
effect.
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