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In the weak ferromagnetic MnCO3 system, a low-frequency collective spin excitation (magnon) is the
hybridized oscillation of nuclear and electron spins coupled through the hyperfine interaction. By using a
split-ring resonator, we performed transmission spectroscopy measurements of the MnCO3 system and
observed avoided crossing between the hybridized nuclear magnon mode and the resonator mode in the
NMR-frequency range. The splitting strength is quite large due to the large spin density of 55Mn, and the
cooperativity value C ¼ 0.2 (the magnon-photon coupling parameter) is close to the conditions of strong
coupling. The results reveal a new class of spin systems, in which the coupling between nuclear spins and
photons is mediated by electron spins via the hyperfine interaction.
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Introduction.—When two oscillators are coupled, their
otherwise degenerate modes split into two noncrossing
hybridized spectrum branches. The phenomenon of
avoided crossing is ubiquitous and has been observed in
many systems, ranging from a classical coupled spring-
mass system [1] to interacting atoms and photons in an
optical cavity [2,3], to paramagnetic spin ensembles
coupled to microwave cavities [4–9]. Systems with a strong
coupling of microwave photons and spin ensembles are of
particular interest since they are proposed to be important
building elements of hybrid quantum computers [10,11].
Recently, strong coupling between ferromagnetic electron-
spin magnons and microwave photons has been observed in
yttrium iron garnet (YIG, Y3Fe5O12) [12–17]. In compari-
son with the paramagnetic diluted spin ensembles, ferro-
magnetic materials provide a much higher density of spins
which are ordered due to the exchange interaction.
Therefore, strong coupling in ferromagnetic systems is
characterized by large values of the coupling strength since
the coupling constant between a microwave cavity mode
and a collective spin excitation (magnon) gm is proportional
to the square root of the total number of polarized spins N
[18,19], i.e., gm ¼ g0

ffiffiffiffi
N

p
, where g0 is the coupling strength

of a single spin to the cavity.
Despite the significant progress in studies of strong

coupling between microwave cavity mode and electron-
spin systems, realization of strong coupling between
photons and a nuclear spin ensemble is still a challenging
problem. Paramagnetic nuclear spins are weakly polarized,
and nuclear magnetic moments are typically about 103

times smaller than electron magnetic moments. Therefore,
the coupling strength between nuclear spins and photons is
much weaker in comparison with the electron-spin-photon
coupling. To the best of our knowledge, nobody has
reported the coupling of a nuclear spin ensemble to a

microwave cavity. On the other hand, quantum techniques
involving nuclear spins are of great interest due to long
nuclear spin decoherence times [20].
In this Letter, we report the first observation of a

significant coupling between a nuclear spin ensemble in
the MnCO3 system and microwave photons in a cavity. It is
manifested as the normal-mode splitting of two coupled
oscillators: the hybridized nuclear magnon—homogeneous
coupled-spin precession of the nuclei and the electrons
(spin wave with k ¼ 0)—and the ac electromagnetic field
in the microwave resonator.
The magnetic structure of MnCO3 crystals was exten-

sively investigated previously [21–28]. The properties of
MnCO3 are hereby summarized briefly. MnCO3 is a pale-
pink transparent crystal with rhombohedral crystal struc-
ture. Below the Néel temperature TN ≈ 32.5 K, 55Mn
electron moments form two sublattices that lie in the
(111) plane and are canted from perfectly antiparallel
antiferromagnetic order due to the Dzyaloshinskii-
Moriya (DM) spin-spin interaction [see Fig. 1(a)]. Each
electron-spin sublattice is subjected to an exchange field
HE of about 340 kOe [25], an effective magnetic field of
DM interaction HDM equal to 4.4 kOe [24–28], and small
anisotropy fields which are not relevant to our experiments.
Thus, a canting angle α is about one degree, and MnCO3 is
a weak ferromagnet (other examples of weak ferromagnets
include α-Fe2O3 [29,30], Y2CuO4 [31], and FeBO3 [32]).
An important feature of the MnCO3 magnetic structure is

that 55Mn nuclear spins (I ¼ 5=2) are coupled to electron
spins (S ¼ 5=2) due to the hyperfine interaction [25–27]
[see Fig. 1(a)]. An effective magnetic field acting on the
nuclear spin system from the electron-spin system Hn is
characterized by the hyperfine coupling constant A,
Hn ¼ −AM, whereM is the magnetization of the electrons
of that sublattice on which sites nuclear spins are located.
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In the magnetically ordered state below the Néel temper-
ature, the magnetization M is near its maximum value, and
the fieldHn reaches tremendous values of about 6 × 105 Oe.
Similarly, nuclear spins affect electron spins through the
hyperfine field Hen ¼ −Am, where m is the magnetization
of the nuclear sublattice. The hyperfine interaction causes
hybridization of the oscillations of electron and nuclear spin
systems. In the case of the canted antiferromagnet MnCO3,
the analysis of the linearized equations of spin motion gives
four frequency modes, two for the electron system and two
for the nuclear system [22]. One of the electron-frequency
modes corresponds to an antiferromagnetic resonance, while
the other represents a modified electron-ferromagnetic
resonance (EFMR) related to the weak ferromagnetism of
MnCO3. Correspondingly, there are two hybridized nuclear-
frequency modes: a mode of the nuclear spin oscillation
coupled to the electron antiferromagnetic mode, and a mode
of the nuclear spin oscillation coupled to the electron-
ferromagnetic mode.
In the experiments reported here, the MnCO3 system was

driven in the NMR-frequency range by a small magnetic
microwave field h1 that lay in the (111) plane and was
perpendicular to the constant external magnetic fieldH0 lay
in the same plane, i.e., h1⊥½111�⊥H0. In this case, only the
mode of nuclear spin oscillation coupled to the EFMR
mode can be excited at the frequency given by the linear
approximation formula [22–26]:

ω2
m ≡ ω2

n ¼ ω2
n0

�
1 −

ω2
EN

ω2
e

�
: ð1Þ

Here, ωn and ωe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
e0 þ ω2

EN

p
are the hybridized NMR

and EFMR frequencies, ωn0 ¼ γnHn and ωe0 ¼
γe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H0ðH0 þHDMÞ

p
are the unmixed NMR and EFMR

frequencies, ωEN ¼ γe
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2HEAm0

p
is the hyperfine interac-

tion parameter, γn ≈ 2π × 11 MHz=T is the 55Mn nuclear
gyromagnetic ratio [33], γe ¼ 2π × 28 GHz=T is the elec-
tron gyromagnetic ratio, and m0 ¼ hmi is the equilibrium
nuclear magnetization. The average nuclear magnetization
m0 is determined by the hyperfine field Hn, asm0 ¼ χnHn,
with the nuclear magnetic susceptibility χn changing with
nuclear temperature Tn according to Curie’s law, χn ∼ T−1

n .
Figure 1(b) shows the nuclear-ferromagnetic mode fre-
quency ωm and the electron-ferromagnetic mode frequency
ωe calculated from Eq. (1) and the related expressions for
T ¼ 1.15 K. We used the following values for the corre-
sponding parameters:ωn0=2π¼ 640MHz,HDM ¼ 4.4 kOe,
2HEAm0 ¼ 5.8 × 106=Tn ðOe2 × KÞ ≈ 5 × 106 Oe2 (we
put Tn ≈ T). The values were taken from Refs. [24–28].
Thus, the hybridization of nuclear and electron spins leads
to the shift of the NMR frequency—the so-called frequency
pulling effect [22]—which has been also observed in
CsMnF3, FeBO3, CoCO3, and other materials with the
strong hyperfine interaction [27].
It is important to note that an effective microwave field hn

acting on the nuclei is considerably larger than the applied
microwave field h1. Indeed, although the angle of rotation φ
of the net electron magnetization Mf (and, correspondingly,
each of the magnetizations M1 and M2) is very small, φ ≈
ðh1=H0Þðω2

e0=ω
2
eÞ [25], each electron sublattice produces a

large varying field at the nuclei through the hyperfine field
Hn. Each nuclear sublattice sees the microwave field
hn ¼ φHn ¼ h1ðHn=H0Þðω2

e0=ω
2
eÞ, which is enhanced by

the factor η ¼ ðHn=H0Þðω2
e0=ω

2
eÞ ≈ 150 relative to the

applied microwave field h1 [23,25].
Experimental setup.—In our experiments, we studied the

coupling between the hybridized nuclear-electron-spin
system MnCO3 and the microwave mode of a split-ring
resonator. The experimental setup is shown schematically
in Fig. 2. We performed measurements of microwave
power transmitted through the resonator as a function of
probe microwave frequency and static magnetic field at the
temperature T ≈ 1.15 K. The split-ring resonator is shown
in Fig. 2(b) and, basically, can be approximated by a ring
that is split by a gap [34]. The equivalent circuit of the split-
ring resonator is the resonant LC circuit determined by the
inductance of the single turn coil and the capacitance of the
gap. In our experiments, the split-ring resonator was a
copper cube with dimensions of 10 × 10 × 10 mm3, with a
centered open-ended bore of about 7 mm in diameter. The
volume of the bore cavity Vc was about 380 mm3. To form
the gap of the split-ring resonator, a slit of 0.1 mm was
made along the middle line of the top resonator wall,
parallel to the axis of the bore. A thin film of Kapton with a
thickness of about 0.01 mm was inserted between the cube

FIG. 1 (color online). (a) Magnetic structure of antiferromag-
netic MnCO3 in the (111) plane (the y − z plane). Electron
magnetic sublattices with magnetizations M1 and M2, respec-
tively, are slightly canted due to the Dzyaloshinskii-Moriya
interaction represented by the effective magnetic field HDM.
As a result, the nonzero net magnetization Mf causes weak
ferromagnetism of MnCO3. Nuclear magnetic sublattices with
magnetizations m1 and m2, respectively, are coupled to the
electron sublattices through the hyperfine interaction fields
Hn ¼ −AMiði ¼ 1; 2Þ. H0 is the external static magnetic field,
h1 is the microwave field. (b) Because of the hyperfine coupling,
oscillation modes of the electron-spin system ωe0 (the dashed
curve) and the nuclear spin system ωn0 (the dashed horizontal
line) split into two hybridized branches: the nuclear-ferromag-
netic mode ωm (the red curve) and the electron-ferromagnetic
mode ωe (the blue curve). Curves are shown in the two subpanels
with different scales along the vertical axis.
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face with the slit and an additional copper plate with
dimensions of 10 × 10 × 1 mm3, forming a capacitor for
the adjustment of resonant frequency. In our measurements,
the resonant frequency of the split-ring resonator was about
ωc=2π ≈ 594 MHz, and the Q factor was about Qc ¼ 100,
which could be determined by dielectric losses in the
Kapton film.

The MnCO3 single-crystal sample was in the form of a
rhombus-shaped plate about 0.7 mm thick, with diagonals
of approximately 2.4 and 2.7 mm. The [111] crystal axis
was perpendicular to the plane of the plate. The mass of the
sample was about 8 mg, which corresponds to a number of
55Mn atoms of about N ¼ 4 × 1019. The sample was glued
by GE varnish to the wall inside the cavity of the split-ring
resonator.
Normal-mode splitting.—Figures 3(a) and 3(b) show the

microwave transmission jS12j2 ¼ Pout=Pin as a function of
probe microwave frequency f ¼ ω=2π and applied mag-
netic field H0 at the probe microwave power of −25 dBm
(Pin ≈ 3 μW) and −10 dBm (Pin ¼ 100 μW), respectively.
Resonances of the system appear as yellow or red
regions. The horizontal dashed line corresponds to the
resonance frequency ωc of the split-ring resonator, while
the dashed curve is the frequency ωm of the hybridized
nuclear magnon mode calculated by Eq. (1) for
Tn ¼ T ¼ 1.15 K. When the field approaches the value
at which the magnon mode ωm and the microwave cavity
mode ωc would cross, a noticeable avoided crossing is
observed, indicating normal-mode splitting of the hybridized
nuclear magnon mode of the MnCO3 and the cavity
mode.

FIG. 2 (color online). Experimental technique. (a) Schematic
diagram of the experimental apparatus for transmission spectros-
copy. (b) The sample of MnCO3 was placed inside the split-ring
resonator cavity in such a way that the constant magnetic field
H0, the microwave magnetic field h1, and the [111] crystal axis
were mutually perpendicular.

FIG. 3 (color online). Transmission spectroscopy of the MnCO3 sample. (a),(b) Transmission spectra as functions of the probe
microwave frequency and the static magnetic field for an input microwave power of Pin ¼ 3 μW and Pin ¼ 100 μW, respectively. The
horizontal dashed line corresponds to the resonance frequency ωc of the split-ring resonator. The dashed curve is the frequencyωm of the
hybridized nuclear magnon mode calculated by Eq. (1). Normal-mode splitting is observed at approximately H0 ¼ 3.8 kOe where
the magnon mode ωm and the microwave cavity mode ωc would cross otherwise. (c),(d) Cross sections of the spectrum shown in (a) and
(b), respectively, at static magnetic fields 3.7 kOe, 3.8 kOe, and 3.9 kOe [shown by vertical dashed lines in (a),(b)]. Dots are
experimental data with vertical offset for clarity, and lines are the fitting curves.
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With the increase of the probe microwave power, the
avoided crossing was shifted slightly to the lower magnetic
fields [see Fig. 3(b)]. At much higher levels of the probe
microwave power (0.3 mW≤ Pin ≤ 10 mW), the avoided
crossing was shifted further to low fields and was signifi-
cantly distorted compared to the data presented in Fig. 3
[35]. The shift and the distortion of the splitting shape can
be caused by nonlinear spin dynamics. Indeed, the nuclear
magnetization m can significantly deviate from its equi-
librium direction m0 at high microwave power, and
formulas (1), derived under the assumption of small
oscillations [22], are no longer applicable in this case.
Recently, experimental and theoretical studies of nonlinear
spin dynamics of the MnCO3 system have been performed,
indicating the formation of the magnon Bose-Einstein
condensate at high levels of microwave power [36].
We evaluate the coupling strength gm and the magnon

and cavity linewidths by fitting the transmission spectrum
jS12ðωÞj2 with an equation derived from a standard input-
output formalism [12,14]:

jS12j2 ¼
������

ffiffiffiffiffiffiffiffiffi
κ1κ2

p

iðω − ωcÞ − κ1þκ2þκi
2

þ g2m
iðω−ωmÞ−γm

2

������
2

; ð2Þ

where κ1 and κ2 are the external coupling rates to the
resonator, κi is the internal dissipation rate of the resonator,
and γm is the linewidth of the magnon mode. As shown by
lines in Figs. 3(c) and 3(d), the spectra agree well with
Eq. (2).
The parameters obtained by the fitting are gm=2π ≈

1 MHz, γm=2π ≈ 3 MHz, and the total resonator linewidth
κ=2π ¼ ðκ1 þ κ2 þ κiÞ=2π ≈ 6 MHz. The cooperativity is
calculated to be C ¼ 4g2m=κγm ≈ 0.2, which is close to the
conditions of the strong coupling regime defined by the
inequalities gm > κ; γm and C > 1.
The obtained value of γm is unexpectedly large. In the

MnCO3 system of coupled nuclear and electron spins at
the temperature of T ≈ 1 K, the spin-lattice relaxation
time of the hybridized nuclear-frequency mode is expected
to be T1 ≈ 1 ms, while the spin-spin relaxation time should
be of the order of T2 ≈ 10 μs [37]. Therefore, the observed
linewidth of the magnon mode γm=2π ¼ 3 MHz is prob-
ably determined by inhomogeneous broadening due to
imperfections in the crystal (for example, crystal defects,
and crystal inhomogeneities caused by mechanical
stresses [25,26]).
Next, we compare the experimentally determined cou-

pling strength gm=2π ≈ 1 MHz with theoretical estima-
tions. The coupling strength between photons and the
electron-spin component can be estimated as ge ¼
ðγe=2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏωcμ0=Vc

p ffiffiffiffiffiffiffiffiffi
2NS

p
sinðαÞ. Here, the term sinðαÞ ≈

ðHDM þH0Þ=2HE is added to the standard formula (see,
for example, Refs. [12–14]) to take into account the canting
angle α of the electron magnetic moment [29], which

determines the orientation of electron spins with respect to
the microwave field. Inserting the values of the correspond-
ing parameters, we obtain ge=2π ≈ 3 MHz. Similarly, the
strength of direct coupling between photons and nuclear
spins is gn ¼ ðγn=2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏωcμ0=Vc

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pnNI

p
sinðαÞ. Since the

nuclei are paramagnetic, the coupling strength between
photons and nuclear spins depends on nuclear spin polari-
zation pn [9]. The net magnetization of the nuclear
sublattice containing N spins is m ¼ Nγ2nℏ2IðI þ 1ÞHn=
ð3kBTnÞ [38], and, hence, spin polarization can be esti-
mated as pn ¼ γnℏðI þ 1ÞHn=ð3kBTnÞ. For our experi-
mental conditions, spin polarization pn ≈ 0.5%, and
gn=2π ≈ 100 Hz.
By comparing gm with the obtained values of ge and gn,

we conclude that the direct coupling between nuclear spins
and photons is negligible, but the observed normal-mode
splitting is mediated by the coupling between photons and
the electron-spin component of the hybridized magnon
mode. A full description of the coupling between electron
spins, nuclear spins, and photons is a challenging problem,
but some estimations can be done by using the model of the
enhanced microwave field hn. As we explained in the
Introduction, influence of electron-spin motion on the nuclei
can be taken into account by considering the enhanced
microwave field hn acting on the nuclei. The microwave
field hn is enhanced by the factor η ≈Hn=H0 ≈ 150 relative
to the applied field h1 and is perpendicular to the equilibrium
direction of the nuclear magnetization. Hence, the actual
coupling strength between nuclear spins and photons should
be G ¼ ðγn=2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏωcμ0=Vc

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pnNI

p
× ðHn=H0Þ. The cal-

culated value G=2π ≈ 1 MHz is in very good agreement
with the measured value gm.
We also note that gm is independent of the probe

microwave power from 3 to 100 μW. This is consistent
with the results of Refs. [4,9,12] since the number of
photons in the resonator Nω ≈ ðQcPin=ωcÞ=ℏωc ≲ 1013 is
much smaller than the number of spins N.
Conclusions.—We observed the normal-mode splitting

between the hybridized nuclear magnon mode in weak
ferromagnetic MnCO3 and the microwave mode of the
split-ring resonator. According to our estimations, the
coupling between the paramagnetic nuclear spin ensemble
and the microwave cavity mode is mediated by the inter-
action between photons and the largely detuned electron-
ferromagnetic-resonance mode which, in turn, is coupled to
nuclear spins via the hyperfine interaction. The obtained
cooperativity value C ¼ 0.2 indicates that our system is
close to the conditions of strong coupling. By improving the
resonatorQ factor and the quality of crystal, strong coupling
can be achieved. The coupling strength can be also increased
by cooling the system to millikelvins and, hence, increasing
the nuclear spin polarization. It would also be of great
interest for us to consider the possibility of multiple strong
coupling under conditions of nuclear-electron double reso-
nance [26,39] when, in addition to the microwave radiation
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at the NMR frequency, microwave radiation at the electron-
FMR frequency is applied [see Fig. 1(b)]. We suppose that
similar strong coupling phenomena can be realized in other
systems with the strong hyperfine interaction (CsMnF3,
MnF2, FeBO3, CoCO3, and other systems [27]).
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