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We demonstrate the influence of damping and field-like torques in the magnon-photon coupling
process by classically integrating the generalized Landau-Lifshitz-Gilbert equation with RLC equa-
tion in which a phase correlation between dynamic magnetization and microwave current through
combined Ampère and Faraday effects are considered. We show that the gap between two hybridized
modes can be controlled in samples with damping parameter in the order of 10−3 by changing the
direction of the dc current density J if a certain threshold is reached. Our results suggest that an
experimental realization of the proposed magnon-photon coupling control mechanism is feasible in
yttrium iron garnet/Pt hybrid structures.

I. INTRODUCTION

Coherent magnon-photon coupling in hybrid cavity-
spintronics contributed to the advancement of magnon-
based quantum information and technologies [1–15]. The
collective excitations of an electron spin system in mag-
netically ordered media called magnons can couple to mi-
crowave photons via dipolar interaction, demonstrating
level repulsion and Rabi oscillations [3]. Strongly cou-
pled magnon-photon systems have been explored to bring
many exotic effects into the limelight, some of which in-
clude the manipulation of spin currents [16], and bidi-
rectional microwave-to-optical transduction [17, 18]. In
addition to the coherent magnon-photon coupling, there
exists an exciting domain of dissipative magnon-photon
coupling where level attraction can be observed, which is
characterized by a coalescence of the hybridized magnon-
photon modes [19–25].

The theoretical framework of magnon-photon coupling
is given by the following dispersion relation [26] of the
hybridized modes:

ω̃± =
1

2

[
(ω̃m + ω̃c)±

√
(ω̃m − ω̃c)2

+ 4g2

]
, (1)

where ω̃m = ωm − iαωm and ω̃c = ωc − iβωc are the
complex resonance frequencies of the magnon and pho-
ton (cavity) modes, respectively. g is the coupling be-
tween the two modes. α and β are the intrinsic damping
rates of the magnon and photon modes, respectively. The
real and imaginary parts of ω̃± represent the dispersion
shape and the linewidth of the coupled modes, respec-
tively. The second term of the square root in Eq. (1) not
only gives the strength of the coupling but also reveals
the nature of the coupling. Harder and co-workers [19]
carefully introduced a coupling term based on the cavity
Lenz effect to mitigate the Ampère effect. However, the
on-demand manipulation of the magnon-photon polari-
ton by spin torques has not been addressed so far.
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In this work, we examine the influence of damping-
and field-like torques in the magnon-photon coupling pro-
cess. Our results indicate that the magnitude of the
level repulsion (manifested by the frequency gap of the
hybridized modes) and, hence, the magnon-photon cou-
pling strength can efficiently be controlled by varying the
magnitude and the direction of dc current density J for
realistic parameters of the magnetic properties. By cou-
pling the generalized Landau-Lifshitz Gilbert equation
with the RLC equation of the cavity, we show that an
on-demand manipulation of the magnon-photon coupling
strength can be achieved for current densities of the order
as small as 105 A/cm2.

This article is structured in the following fashion. In
section II, we discuss the classical description to model
our system, in which the ferromagnetic resonance of the
magnetic system is strongly coupled to photon resonator
mode of the microwave cavity. In section III, we intro-
duce the parameters used for the analysis followed by
a detailed discussion of our findings. In section IV, we
summarize our work.

FIG. 1. The schematic of the experimental setup. A pat-
terned YIG/platinum(Pt) bilayer is the sample under consid-
eration. The dc current is passed through the platinum layer.
The microwave current is passed through the cavity and an-
alyzed using a Vector Network Analyzer (VNA). Here, the
external magnetic field is applied along ẑ direction.
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FIG. 2. Magnon-photon coupling control for an intermediate value of the Gilbert damping parameter α and a continuous, low
current density J : The dispersion (ω−ωc) in (a-c) and the linewidth (∆ω) in (d-f) are plotted as a function of the field detuning
(ωm − ωc) for α = 2.27 × 10−3. The hybridization of magnon and photon modes is compared for different dc current densities
J : (a), (d) J = −5× 105 A/cm2, (b), (e) J = 0 A/cm2 and (c), (f) J =5× 105 A/cm2. The blue and red line represent the two
hybridized modes. The inset in (b) shows that for larger field detuning (ωm − ωc), the uncoupled photon mode approaches ωc

making (ω − ωc) approach zero.

II. CLASSICAL DESCRIPTION

The magnetization dynamics in ferromagnetic systems
can be described by the generalized Landau-Lifshitz-
Gilbert equation [27–29] given by:

d ~M

dt
= γ ~M × ~Heff −

α

Ms

(
~M × d ~M

dt

)
+

γaJ

Ms

(
~M ×

(
~M × ~p

))
− γbJ

(
~M × ~p

)
,

(2)

where ~M is the magnetization vector, Ms is the satu-

ration magnetization, ~Heff is the effective magnetic field

including external field ~H, anisotropy, microwave, and
demagnetization fields, γ is the gyromagnetic ratio, α is
the Gilbert damping parameter, ~p is the spin polarization
unit vector. Furthermore, the terms proportional to aJ

and bJ are the damping-like torque and field-like torque,
respectively. The coefficients aJ and bJ are defined as
[30]:

aJ =
ηaJ~

2eMsd
, bJ =

ηbJ~
2eMsd

, (3)

where ηa and ηb are the damping-like torque efficiency
and field-like torque efficiency, respectively. J is the
dc current density, whose polarity determines the direc-
tions of field-like and damping-like torque terms through
Eqs. (2) and (3), ~ is the reduced Planck’s constant, e
is the electron charge, and d is the thickness of the fer-
romagnetic sample. We define the magnetic field, mag-

netization, and spin polarization unit vectors as ~Ht =

hx(t)x̂+ hy(t)ŷ +Hẑ, ~M = mx(t)x̂+my(t)ŷ +Msẑ and
~p = ẑ, where H and Ms are the dc magnetic field and
saturation magnetization, respectively, and hx,y(t) and
mx,y(t) are the dynamic magnetic field and magnetiza-
tion.

If we define the dynamic components, h = hx + ihy
and m = mx + imy, then Eq. (2) can be reduced to:

(ω − ω̃m + γc̃J)m+ ωsh = 0, (4)

where ω̃m is the complex ferromagnetic resonance fre-
quency defined by ω̃m = ωm − iαω (where ωm ' γH is
the ferromagnetic resonance frequency), ωs = γMs, and
c̃J = bJ − iaJ. The effective RLC circuit for the cavity
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FIG. 3. Magnon-photon coupling control for an intermediate value of the Gilbert damping parameter α and a pulsed, high
current density J : The dispersion (ω−ωc) in (a-c) and the linewidth (∆ω) in (d-f) are plotted as a function of the field detuning
(ωm − ωc) for α = 2.5 × 10−3. The hybridization of magnon and photon modes is compared for different dc current densities
J : (a), (d) J = −5× 106 A/cm2, (b), (e) J = 0 A/cm2 and (c), (f) J =5× 106 A/cm2. The blue and red line represent the two
hybridized modes.

can be written as [19]:

Rjx,y(t) +
1

C

∫
jx,y(t)dt+ L

djx,y(t)

dt
= V0x,y(t), (5)

where R, L, and C represent the resistance, inductance,
and capacitance, respectively. V0x,y is the voltage that
drives the microwave current. For j = jx + ijy and V0 =
V0x + iV0y, we have [19](

ω2 − ω2
c + i2ωωcβ

)
j = i

ω

L
V0, (6)

where ωc = 1/
√
LC is the cavity resonance frequency and

β = (R/2)
√
C/L is the intrinsic damping of the cavity-

photon mode.
The microwave magnetic field will exert a torque on

the magnetization through Ampère’s law. The relation
can be expressed as:

hx = KAjy, hy = −KAjx, (7)

where KA is the positive coupling term associated with
a phase relation between jx,y and hx,y. In a similar way,
the precessional magnetization will induce a voltage in

the RLC circuit through Faraday induction:

Vx = −KFL
dmy

dt
, Vy = KFL

dmx

dt
, (8)

where KF is the positive coupling term associated with
a phase relation between Vx,y and mx,y. Combining
Eqs. (4)-(8) gives us the coupled equations of the form:(

ω2 − ω2
c + i2βωcω iω2KF

−iωsKA ω − ω̃m + γc̃J

)(
j
m

)
=

(
iωωcj0

0

)
,

(9)

where j0 = V0

√
C/L. The hybridized eigenmodes are

calculated by solving the determinant of Eq. (9). This
yields the following analytical form [see Supplemental
Material (SM)]:

ω̃± =

(
ωc

1+iβ + ωm−δ
1+iα

)
±
√(

ωc

1+iβ −
ωm−δ
1+iα

)2

+ 2ωcωsKFKA

(1+iα)(1+iβ)

2
,

(10)
where δ = γc̃J . Here, γ is the gyromagnetic ratio and c̃J
is a complex term associated with bJ and aJ defined by
c̃J = bJ − iaJ.
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FIG. 4. Variation of coherent magnon-photon coupling (minimum frequency gap between two hybridized modes) for different
values of α and J . For (a), (b), and (c) α is varied from 3×10−3 to 5×10−5 and J (continuous) is varied from −5×105 A/cm2

to 5×105 A/cm2 and for (d), (e), and (f) α is varied from 4×10−3 to 5×10−5 and J (pulsed) is varied from −5×106 A/cm2 to
5 × 106 A/cm2. Based on our model, we can distinguish between field-like contribution (a) and (d), damping-like contribution
(b) and (e), and a combination of field-like and damping-like contribution to the manipulation of the anticrossing gap (c) and
(f). For (a) and (d) ηa = 0 and ηb = 0.05 (pure field-like torque effect), for (b) and (e) ηa = 0.2 and ηb = 0 (pure damping-like
torque effect), and for (c) and (f) ηa = 0.2 and ηb = 0.05 (combination of damping-like and field-like torque effects).

III. RESULTS AND DISCUSSION

For our model we choose the following realistic pa-
rameters [18, 31–34]. The frequency of the cavity mode
is selected at ωc/2π = 10 GHz with a cavity damping
β = 1×10−4 (corresponding to quality factor Q ≈ 5000).
The reduced gyromagnetic ratio (γ/2π), damping-like
torque efficiency (ηa), and field-like torque efficiency (ηb)
are taken as 2.8× 106 Hz/Oe, 0.2, and 0.05, respectively.
For a Pt/FM bilayer, the typical range of damping-like
torque efficiency (ηa) is 0.10 to 0.20 [32, 35, 36] and the
typical value of field-like torque efficiency (ηb) is ≈ 0.05
[33, 37–39]. Due to its low Gilbert damping parame-
ter and high spin density, we choose yttrium iron garnet
(YIG) as magnetic material. In particular, we consider
a YIG film with a thickness t = 2 × 10−5 cm (smallest
thickness available commercially) and saturation magne-
tization, Ms = 144 emu/cm3 [18]. For the calculation,
the term KFKA is taken as 5×10−6 [19]. For YIG films,
depending upon the thickness and preparation method, α
varies from order 10−3 to 10−5 [34, 38, 40–47]. Therefore,
we vary α in our model from 3×10−3 to 5×10−5. Further-

more, we vary J from −5×105 A/cm2 to 5×105 A/cm2.
The maximum value of chosen current density is at least
one order of magnitude smaller than what is used for
magnetic tunnel junctions (MTJs) [48, 49]. Note that, a
current density of this order of magnitude has previously
been reported for YIG/Pt systems [50] to thermally con-
trol magnon-photon coupling in experiment. Reference
[50] reports that such current density leads to a rise of the
system temperature above 40◦C. Negative effects of heat-
ing on the magnetic properties can be drastically reduced
by using a pulsed dc current through the Pt layer [51] in-
stead of using a continuous current. For instance, using a
pulsed current with duty cycle of 50%, heating effects can
be mitigated while reaching reasonable high levels of cur-
rent density between −5× 106 A/cm2 to 5× 106 A/cm2

. Such a high value of current density will create an
Oersted field and, hence, modify the resonance condi-
tion. The generated Oersted field can be considered as a
contribution to the effective magnetic field presented in
Eq. (2). Hence, this field will modify the resonance posi-
tion of the magnon modes in the following way: for one
polarity of the current density (J), the resonance field
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shifts up, while for the other, it shifts down. Experi-
mentally, this affect can be compensated by tuning the
biasing magnetic field so the resonance frequency remains
the same. In the following analysis, we consider two sce-
narios: (1) a relatively low continuous current density
and (2) a higher pulsed current density. The effects of
both conditions on the magnon-photon coupling process
are compared below. The proposed experimental set up
and measurement configuration is shown in Fig. 1.

A. Dispersion and Linewidth

In Fig. 2 (intermediate value of Gilbert damping pa-
rameter α and continuous, low value of current density
J) and Fig. 3 (intermediate value of α and pulsed, high
value of J), the hybridized mode frequency (ω−ωc) and
linewidth (∆ω) are plotted as a function of the field de-
tuning (ωm − ωc).

We first focus on the former, shown in Fig. 2, top pan-
els: For α = 2.27×10−3 and for J = 0 A/cm2, we observe
a level attraction of the real part of the eigenvalues [Fig.
2 (b)] in a small region. For J = −5 × 105 A/cm2, a
similar behavior is found [Fig. 2(a)]. However, the be-
havior drastically changes for reversed current polarity:
for J = 5× 105 (A/cm2), a gap (a prominent level repul-
sion) is seen between the hybridized modes. This clearly
shows that depending upon the strength and direction of
the dc current density J one can tune the gap between
the hybridized modes, i.e., transitioning the system into
the strong coupling regime. Let us now consider Fig. 3,
top panels: A similar but enhanced behavior can be ob-
served for higher values of J (i.e., |J | = 5 × 106A/cm2)
and α = 2.5 × 10−3 [Fig. 3]. As is obvious from Figs. 2
and 3, there is a shift in the position where the coher-
ent coupling occurs. For negative and positive values of
J , the resonance shifts towards the negative and positive
sides of the field detuning (ωm − ωc), respectively. This
shift can be understood by the fact that different mag-
nitudes of field-like torques directly affect the resonance
condition as will be discussed in Sec. III B.

Next, we discuss the lower panels of Figs. 2 and 3. The
linewidths of the two hybridized modes distinctly cross
each other for J = 5×105 A/cm2 and J = 5×106 A/cm2

as is expected for a broad coupling region [Fig. 2(f) and
Fig. 3(f)]. This effect is less distinct for the cases J =
−5×105 A/cm2, J = −5×106 A/cm2 and J = 0 A/cm2.
However, despite the lower number of region in the cross-
ing regime (the crossing is less spread), we emphasize that
level crossings in the linewidths of the hybridized modes
are are also observed here. We note that the coupling re-
gion broadens as the current density increases from neg-
ative values to positive values [Figs. 2(d,e,f) and Figs. 3
(d,e,f)] and finally a distinct crossing of linewidths is ob-
served over a broad range [Fig. 2(f) and Fig. 3 (f)].

For special cases discussed in Sec. II of the SM, a
level attraction [Fig. S1 (a,b)] in the real part and level
repulsion [Fig. S1 (d,e)] in the imaginary part of the

eigenvalues are observed along with exceptional points
(EPs) [52–55]. For more details on the observed EP we
refer to the SM.

B. Anticrossing gap between hybridized modes

Figure 4 shows the variation of the anticrossing gap
between the hybridized modes for different values of α
and J . It is clear that the variation is nonlinear in nature.
As is evident from the figure, the gap between the two
hybridized modes becomes smaller for a larger value of
α. On the other hand, the gap also depends on the dc
current density J : the value of α for which the gap is very
small increases if we go from from negative to positive
value of the dc current density. For a positive value of
J , we also observe the gap between the hybridized modes
slowly increases as α increases and becomes maximum for
a particular value of α, and then decreases if we further
increase the value of α, as shown in the inset of Fig 4(f).
For the low α regime, the anticrossing gap remains nearly
the same for different orders of magnitude and directions
of current density, as is shown in Figs. S2, S3 and S4
of the SM. However, for the high α regime, we observe
a level repulsion in the real part and a level crossing in
the imaginary part of the eigenvalues for different orders
of magnitude and directions of the current density, as is
shown in Figs. S5, S6 and S7 of the SM. For a different
coupling strength (KFKA), we observe a similar trend.
A positive current density is needed to increase the gap
between the two hybridized modes as is shown in Fig. S8
(SM).

In the following discussion, we chose Gilbert damping
parameters of α = 2.27 × 10−3 and α = 2.5 × 10−3 for
different orders of magnitude of J where a very small
anticrossing gap for zero current density is seen, as illus-
trated in Fig. 4. For large α (= 4×10−3) and for very low
α (= 5× 10−5), the hybridized mode frequency (ω−ωc)
and the linewidth (∆ω) plotted as a function of the field
detuning (ωm − ωc) are shown in the Fig. S1 and Fig.
S2 of the SM. Figure 5 shows the variation of the magni-
tude of the gap between the two hybridized modes with
respect to field detuning (ωm − ω) for α = 2.27 × 10−3

and α = 2.5 × 10−3. For a pure field-like torque effect,
there is a horizontal shift [as shown in Figs. 5(a) and
5(d)] of the gap between the hybridized modes towards
the positive value of field detuning as we go from negative
to positive values of the current density J . However, for
a damping-like torque effect, there is a vertical shift [as
shown in Figs. 5(b) and 5(e)] of the minimum gap (an-
ticrossing gap): the anticrossing gap increases if we go
from negative to positive values of J . For the combined
field-like and damping-like torques effect, there are both
horizontal and vertical shifts as can be seen in Figs. 5(c)
and 5(f). However, the horizontal shift due to the effect of
field-like torque, vertical shift due to damping-like torque
and the combined shift due to both field and damping-
like torques are more pronounced for higher magnitudes
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FIG. 5. Variation of the gap between two hybridized modes with respect to the field detunings (ωm − ωc) for α = 2.27× 10−3

and continuous low J from −5 × 105 A/cm2 to 5 × 105 A/cm2 [(a),(b) and (c)] and for α = 2.5 × 10−3 and pulsed high J
from −5 × 106 A/cm2 to 5 × 106 A/cm2 [(d),(e) and (f)]. There is (a),(d) a horizontal shift in the location of the gap for
ηa = 0 and ηb = 0.05 (pure field-like torque effect), (b), (e) vertical shift in the location of gap for ηa = 0.2 and ηb = 0
and (pure damping-like torque effect), and (c),(f) horizontal and vertical shifts for ηa = 0.2 and ηb = 0.05 (combined effect of
damping-like and field-like torques).

of J leading to an unusual behavior as is shown in panel
(f).

Finally, we note that introducing the field-like and
damping-like torques in the Landau-Lifshitz-Gilbert
equation and coupling it with cavity mode through
combined Ampère and Faraday effects do not produce
level attraction. The coupling term in our analysis
is not affected by the δ term [see Eq. (10)], which is
the parameter governed by spin torque. This means
that transitioning the system from strong coupling to
dissipative coupling and vice versa cannot be achieved
by spin-transfer torques.

IV. SUMMARY

By coupling of the generalized LLG equation with the
RLC equation of the cavity, we revealed the coupling be-
tween magnon and photon modes under the influence of
damping and field-like torques. Our results indicate that
the magnitude of the level repulsion (manifested by the
frequency gap of the hybridized modes) and, hence, the

magnon-photon coupling strength can efficiently be con-
trolled by varying the magnitude and the direction of dc
current density J for realistic parameters of the magnetic
properties. Our model suggests that an on-demand ma-
nipulation of the magnon-photon coupling strength can
be achieved for current densities of the order as small
as 105 A/cm2 and an intermediate Gilbert damping of
the order 10−3. Higher values of J can definitely en-
hance the effect of damping and field-like torques on the
magnon-photon coupling provided we use pulses of dc
current to reduce possible heating effects. Therefore, the
experimental realization of the proposed magnon-photon
control mechanism should be feasible in YIG/Pt hybrid
structures.

ACKNOWLEDGMENT

We acknowledge fruitful discussions with Dr. J. Skle-
nar (Wayne State University) and Dr. J. Q. Xiao (Uni-
versity of Delaware). Research supported by the U.S.
Department of Energy, Office of Basic Energy Sciences,
Division of Materials Sciences and Engineering under



7

Award DE-SC0020308.

[1] H. Huebl, C. W. Zollitsch, J. Lotze, F. Hocke, M. Greifen-
stein, A. Marx, R. Gross, and S. T. B. Goennenwein,
Phys. Rev. Lett. 111, 127003 (2013).

[2] Y. Tabuchi, S. Ishino, T. Ishikawa, R. Yamazaki, K. Us-
ami, and Y. Nakamura, Phys. Rev. Lett. 113, 083603
(2014).

[3] X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, Phys.
Rev. Lett. 113, 156401 (2014).

[4] L. Bai, M. Harder, Y. P. Chen, X. Fan, J. Q. Xiao, and
C.-M. Hu, Phys. Rev. Lett. 114, 227201 (2015).

[5] X. Zhang, C.-L. Zou, N. Zhu, F. Marquardt, L. Jiang,
and H. X. Tang, Nat. Commun. 6, 156401 (2015).

[6] C.-M. Hu, Can. J. Phys. 72, 76 (2016).
[7] Y. Tabuchi, S. Ishino, A. Noguchi, T. Ishikawa, R. Ya-

mazaki, K. Usami, and Y. Nakamura, Science 349, 405
(2015).

[8] X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, Sci. Adv
2, e1501286 (2016).

[9] A. V. Chumak, V. Vasyuchka, A. Serga, and B. Hille-
brands, Nat. Phys. 11 (2015).

[10] A. Osada, R. Hisatomi, A. Noguchi, Y. Tabuchi, R. Ya-
mazaki, K. Usami, M. Sadgrove, R. Yalla, M. Nomura,
and Y. Nakamura, Phys. Rev. Lett. 116, 223601 (2016).

[11] L. Bai, M. Harder, P. Hyde, Z. Zhang, C.-M. Hu, Y. P.
Chen, and J. Q. Xiao, Phys. Rev. Lett. 118, 217201
(2017).

[12] D. Zhang, X.-Q. Luo, Y.-P. Wang, T.-F. Li, and J. Q.
You, Nat. Commun. 8 (2017).

[13] J. Li, S.-Y. Zhu, and G. S. Agarwal, Phys. Rev. Lett.
121, 203601 (2018).

[14] Y. Li, W. Zhang, V. Tyberkevych, W.-K. Kwok, A. Hoff-
mann, and V. Novosad, J. Appl. Phys. 128, 130902
(2020).

[15] A. V. Chumak, P. Kabos, M. Wu, C. Abert, C. Adel-
mann, A. O. Adeyeye, J. Akerman, F. G. Aliev,
A. Anane, A. Awad, C. H. Back, A. Barman, G. E. W.
Bauer, M. Becherer, E. N. Beginin, V. A. S. V. Bit-
tencourt, Y. M. Blanter, P. Bortolotti, I. Boventer,
D. A. Bozhko, S. A. Bunyaev, J. J. Carmiggelt, R. R.
Cheenikundil, F. Ciubotaru, S. Cotofana, G. Csaba,
O. V. Dobrovolskiy, C. Dubs, M. Elyasi, K. G. Fripp,
H. Fulara, I. A. Golovchanskiy, C. Gonzalez-Ballestero,
P. Graczyk, D. Grundler, P. Gruszecki, G. Gubbiotti,
K. Guslienko, A. Haldar, S. Hamdioui, R. Hertel,
B. Hillebrands, T. Hioki, A. Houshang, C.-M. Hu,
H. Huebl, M. Huth, E. Iacocca, M. B. Jungfleisch,
G. N. Kakazei, A. Khitun, R. Khymyn, T. Kikkawa,
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