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Coupling the Higgs mode and ferromagnetic resonance in spin-split superconductors
with Rashba spin-orbit coupling
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We show that the Higgs mode of superconductors can couple with spin dynamics in the presence of a
static spin-splitting field and Rashba spin-orbit coupling. The Higgs-spin coupling dramatically modifies the
spin susceptibility near the superconducting critical temperature and consequently enhances the spin pumping
effect in a ferromagnetic insulator/superconductor bilayer system. We show that this effect can be detected
by measuring the magnon transmission rate and the magnon-induced voltage generated by the inverse spin

Hall effect.
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I. INTRODUCTION

Superconductors (SCs) with broken U (1) symmetry host
two kinds of collective modes associated with the order pa-
rameter fluctuations: the phase mode and the amplitude mode.
Coupled to a dynamical gauge field, the phase mode is lifted
up to the plasma frequency [1] due to the Anderson-Higgs
mechanism [2,3]. The other collective mode in SC is the
amplitude mode [4,5] with an energy gap of 2A, called the
Higgs mode by analogy with the Higgs boson [3] in parti-
cle physics. It was commonly believed that unlike the phase
mode the Higgs mode usually does not couple linearly to
any experimental probe. That is why in earlier experiments,
the Higgs mode was only observed in charge-density-wave
(CDW) coexisting systems [6—11]. With the advance of ter-
ahertz spectroscopy technique [12] it became possible to
investigate the Higgs mode through the nonlinear light-Higgs
coupling [13-18]. In these experiments, the perturbation of
the order parameter is proportional to the square of the exter-
nal electromagnetic field §A oc E2, so very strong laser pulses
are required.

Recently, it has been shown that in the presence of a su-
percurrent the Higgs resonance can actually contribute to the
total admittance Y, (€2 denotes the frequency) due to the linear
coupling of the Higgs mode and the external electromag-
netic field [19-23]. This can be understood from a symmetry
argument. Suppose the external electric field is linearly po-
larized in the x direction E = RE,e’¥. The linear coupling
of the Higgs mode and the external field is represented by
the susceptibility yar = —% obtained from the action §
describing the electron system containing the pair potential
field A. Without a supercurrent, the system preserves the
inversion symmetry (/) and the mirror symmetry in the x
direction (M, ). On the other hand x gz is odd under both these
operations because E changes sign under / and M, whereas
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A remains the same. Therefore yag has to vanish. In the
presence of a supercurrent, the inversion symmetry and the
mirror symmetry are both broken and there is no restriction
for xag, from these symmetries, so xag can be nonzero. This
symmetry argument also explains why the Higgs mode does
not couple with an external field in the direction perpendicular
to the supercurrent.

Now a natural question arises: without a supercurrent does
the Higgs mode couple linearly with other external probes,
such as spin exchange fields? As we show in this paper, it
does. The above discussion indicates that the decoupling of
the Higgs mode is protected by certain symmetries. In order
to couple the Higgs mode to an external field one needs to
break these symmetries. Here we show how it happens in
a ferromagnetic insulator (FI)/superconductor (SC) bilayer
system (Fig. 1). Magnons with momentum ¢ and frequency
2 in the FI can be injected into the SC in a process known
as spin pumping [24-30]. We predict that the Higgs mode in
the SC couples linearly with the magnon mode in the FI in
the presence of Rashba spin-orbit coupling and the magnetic
proximity effect into the SC. In this system the symmetries
protecting Higgs-spin decoupling are broken: in particular,
the (spin) rotation symmetry and the time-reversal symmetry.
Near the critical temperature, superconductivity is suppressed
and Ay becomes comparable with the magnon frequency 2.
When the magnon frequency matches the Higgs frequency
Qy = 2A, the Higgs mode is activated and the magnon ab-
sorption is hugely enhanced which can be detected through the
inverse spin Hall effect iISHE) [31-33]. This effect can possi-
bly explain the voltage peak observed in the experiment [34].

We consider a SC/FI bilayer in which the FI and the SC
are coupled via the exchange interaction as shown in Fig. 1.
For simplicity, we assume that the thickness d of the SC
film is much smaller than the spin relaxation length and the
coherence length so that we consider it as a two-dimensional

©2022 American Physical Society
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FIG. 1. System under consideration. A superconductor thin film
is placed on the top of a FI with in-plane magnetization. The SC
and FI are coupled via spin exchange interaction. The magnon in
FI can be injected into SC in a process known as the spin pumping
effect. For magnon frequency 2 = 2A, the SC Higgs mode greatly
increases the spin pumping.

system. The magnetization of the FI can be written as m =
my + mgq, where m, is the static magnetization polarized in
the z direction and mg, is the dynamical component perpen-
dicular to my. When magnons (spin waves) are excited in the
FI, they can be injected into the SC in a process known as the
spin pumping effect. The DC interface spin current flowing
from the FI into the SC is polarized in the z direction and
given by [35]

Iz == Z _2Jsd1m[)~(ss(ga ‘I)]m?zq’ (1)
Q.q

where Jy; is the exchange coupling strength and mg is the
Fourier amplitude of mgq. ¥:(2,q) is the total dynami-
cal spin susceptibility ¥(€2, ¢) = S+(€2, ¢)/h+ (L2, q), where
S is the dynamical spin of the SC, h is the proximity-
induced exchange field k = Jy;m/d [36], and for a vector
A= (A, Ay A;) the & component is defined as Ay = A, +
iA,. One can see that for a fixed J4, the efficiency of the
magnon injection is solely determined by ¥,,(€2, ¢). The spin
susceptibility of superconductors has been extensively stud-
ied [30,37-39]. However, the previous theories, based on the
static mean-field description, failed to explain the peak of the
iSHE signal observed in the spin Seebeck experiment [34].
In this work, we start with the general partition function of
the SC,Z = fD[\TJ, U, A, Ale=S obtained by performing the
Hubbard-Stratonovich transformation. The action S is given
by

S = ﬂ Z lIJK(—Z'CL) + € — h- J)\IJK + AQ‘I/K+Q\IJ_K
K.Q
o A_pAg
+ A oWV g o+ T 2
Here K = (w, k) and Q = (€2, q) are the four-momenta of the
electrons and magnons, and w = (2n+ 1)nT and Q = 2na T
are the Matsubara frequencies withn € Z and g = 1/T. ¢ is
the energy dispersion of the electron in the normal state and
k is the covariant derivative k = k + aloy, —oy, 0], where «
is the spin-orbit coupling strength. A is the proximity-induced
exchange field, and U is the BCS interaction. Here we only
consider the on-site interaction so that no triplet pairing is

generated. In the mean-field theory, one can ignore the path in-
tegral over A and replace it by its saddle-point value Ay which
is determined by the minimization of the action g—i| A=, =0
after integrating out the fermion fields.

To include the Higgs mode, we go beyond the mean-field
theory and write the order parameter as A = Ay + n, where
n is the deviation of A from its saddle-point value Ay. Here
we only consider the amplitude fluctuation of A, so n is real.
Expanding the action to the second order in n and the strength
of the external Zeeman field iy gives S = Sp — S, with [40]

—XaA xﬂ[ n(Q)}
XsA Xss h+(Q)
3)
Here, all the susceptibilities are functions of Q. Sy is the
mean-field action without the external field. In usual su-
perconductors the off-diagonal susceptibilities xas; and y;a
vanish as required by the time-reversal symmetry and the
(spin) rotation symmetry because these operations change the
sign of hy but have no effect on n [41,42]. In the system
under consideration, the proximity-induced static exchange
field breaks the time-reversal symmetry and Rashba spin-orbit
coupling (RSOC) breaks the (spin) rotation symmetry. Thus
the pair-spin susceptibility does not have to vanish, allowing
for a nonzero Higgs-spin coupling.
Then it is straightforward to calculate the total spin suscep-
tibility ¥,, by integrating out the n field

$=8Y (-0 h(—Q)][
[

Xss = Xss — XsAXAAXAs- (4)

The imaginary part of xaa is sharply peaked at the Higgs
frequency 2 = 2A dramatically modifying the total spin sus-
ceptibility.

II. PHENOMENOLOGICAL THEORY

Before we go into the detailed calculations, we use a simple
phenomenological theory to illustrate the effect of RSOC.
It has been shown that RSOC can induce a Dzyaloshinskii-
Moriya (DM) interaction in superconductors described by the
DM free energy [43]

Fpy = Z / dr|A’d,.; - (h x V;h), &)

where both A = A(r) and k = h(r) are position dependent.
d, ; is the DM vector proportional to the strength of spin-orbit
coupling «. For RSOC d,, « «[oy, —0.], where « is the spin-
orbit coupling strength and o is the Pauli matrix acting on
the spin space. To find the pair spin susceptibility we write
A=A+ n@), h = hoZ+ hy(t)X+i9), where 71 is the unit
vector in the n direction with n = x, y, z, and generalize the
DM free energy to the time-dependent DM action. Here we
consider the case where the spin wave is propagating in the
zdirection hy (1,7) = Y g, hi (% + i9)e" ¥ 4. Focusing on
the first-order terms in 7(¢) and A (¢) and Fourier transform-
ing them to momentum and frequency space, the DM action
can be written as

Somr=B Y _ iq:Aohoh (R, ¢ (R, ¢ e (2, ¢:)(if = 9),
Q,q;

(6)
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where flw is the dynamical DM vector, which has the same
finiteness and spin structure as d, ; from symmetry analysis.
From the above expression, one can see that the Higgs mode
couples linearly with the spin degree of freedom in the pres-
ence of RSOC.

III. SPIN SUSCEPTIBILITY

We adopt the quasiclassical approximation to systemati-
cally evaluate the susceptibilities. In the diffusive limit, this
system can be described by the Usadel equation [19,37,44—
48]

—i{130,, 8} = DV (8V3) — i[Ho, 8] + [X 742 2. (7)

Here g is the quasiclassical Green’s function, D = vy72/3 is
the diffusion constant, and 7 is the disorder scattering time.
Hy = —ihgos + Ag11, Where kg is the proximity-induced ef-
fective static exchange field and 7; is the Pauli matrix acting on
the particle-hole space. V = (V., V,) is the covariant deriva-
tive defined by V,- =V, +ia[oy, ], V.- =V, —ialo., -].
The Usadel equation is supplemented by the normalization
condition g> = 1. In the quasiclassical approximation the
approximate particle-hole (PH) symmetry of the full Hamilto-
nian becomes exact. In the linear response theory, the external
oscillating field X is small and can be treated as a perturba-
tion. Thus we can write the quasiclassical Green’s function
as § = o' 4 gy piletrh—ion—iq:z where g is the static
Green’s function and gx is the perturbation of the Green’s
function describing the response to the external field. Solving
the Usadel equation we obtain the quasiclassical Green’s func-
tion, the anomalous’s Green function F = N,Tr[t,g]/4i, and
the oy component of spin in the SC (s) = N, Tr[o_138]/4i,
where N, is the electron density of states at the Fermi surface
and Tr is the trace. The susceptibilities can be evaluated as

-1 OF | L oF

. | Xaa Xas| | U Bhy ]

X = = 3(s) as) |- ®)
XsA Ass an oy

Let us first set X = A’y and consider the pair suscep-
tibility. We assume the RSOC is weak and treat o as a
perturbation. At ¢ = 0 and zeroth order in -, we have

N, T Z 4N+ Q2

XAA(iQ)=|: > 2. m} ) 9)

where s, (@) = /(0 + ich)* + A%, with 0 = £1. To get the
pair susceptibility as a function of real frequency, we need to
perform an analytical continuation [41]. Thus i€2 is replaced
by € + i0". One can see that the xa is peaked at the Higgs
frequency Q2 = 2A.

We numerically calculate yaa with finite momentum and
show the results in Fig. 2 [41,49]. One can see that the imag-
inary part of the inverse of the pair susceptibility exhibits a
sharp peak when the driving frequency equals 2A,. With a
finite momentum, the Higgs mode is damped in the sense that
the peak in the Higgs spectrum has a finite height and width.

To study the response of this system to the external ex-
change field we set X = h o,73. Again we treat @ as a

FIG. 2. Imaginary part of the pair susceptibility. This can be
interpreted as the spectral weight of the Higgs mode. A significant
peak emerges when the driving frequency matches the Higgs fre-
quency 2 = 2A,. The inset shows the height of the Higgs peak
Py as a function of the inverse of the momentum ¢. Parameters:
Ay = 0.8Arg, hg = 0.5A7¢ with Arg = Ag(T = 0).

perturbation and write the Green’s function as
&= 80e""" ™) + (Bho + Buo ) T TIRTIE - (10)

where g;0 is zeroth order in « and gy, is first order in . The
zeroth-order solution in « is given by [41]

i[t3 — 81(D138,(2)]hqo
s4(1) +5,(2)
_ (wZihy)rs+A1y

where gT/i = 5174 and Sy = (a)ill’lo)z + A2,

8hoo 18 a2 x 2 matrix in the particle-hole space. Without doing
detailed calculations, one can immediately see that ya; has
to vanish without RSOC because g, has no oy component.
In this case the external exchange field cannot activate the
Higgs mode. To get a finite pair-spin susceptibility we need
to consider the first-order terms in « which break the spin
rotation symmetry. The first-order solution in « yields g, =
diag(8nat s 8hay) With

. 1D

8no = 8noo ® 04 =

8or/4[8no0s 8oty ]
st/ (@1) + s1/4(@2)

8ot/ = 2iDa (12)

Since the zeroth-order term does not contribute to the
pair-spin susceptibility, we have yas; = Tr[t8ne]/4ihs. We
compare this analytical result with the nonperturbative numer-
ical solution of the Usadel equation in Fig. 3. It shows that the
perturbative approach is accurate at high temperatures when
Da? « Ao, T, and captures the qualitative behavior of xa;
also at the low temperatures. Another feature of this pair-spin
susceptibility is that at a lower frequency (2 = 0.8Ar¢), Xas
is suppressed at low temperatures because the spin excita-
tion is frozen by the pair gap at low temperatures. On the
other hand, at higher frequency (2 = Arg), xas is slightly
enhanced at low temperatures.
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FIG. 3. Real part (a) and imaginary part (b) of pair-spin sus-
ceptibility. The solid line is the approximate result calculated from
Eq. (12) and the circles show the numerical solution from Eq. (7).
Parameters used here are 2 = 0.8A7q for the blue lines, 2 = Apq
for the red lines, g = 0.5Arg, and Dg? = Da* = 0.01Ar,.

We can also get the bare spin susceptibility from g9, xss =
Trlo_t3810]/4ihy. Then it is straightforward to calculate the
total spin susceptibility according to Eq. (4). The results are
shown in Fig. 4. The total spin susceptibility exhibits a sig-
nificant peak near critical temperature. This is a signature of
the Higgs mode with the frequency 2 = 2A,. The depen-
dence of the total susceptibility on the strength of RSOC is
studied in the Supplemental Material [41]. The details depend
sensitively on the amount of disorder, as in the disordered
case increasing RSOC leads to a stronger spin relaxation. We
note that even though the pair-spin susceptibility is linear in
momentum ¢,, the magnon momentum need not be large for
the detection of the Higgs mode. This is because the spectral
weight of the Higgs mode is proportional to 1/ qz2 at the Higgs
frequency, so that the height of the peak in the total spin
susceptibility is independent of the magnon momentum.
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FIG. 4. (a) Total spin susceptibility as a function of temperature
with a fixed frequency. (b) Total spin susceptibility as a function
of frequency with a fixed temperature. The dashed lines are the
spin susceptibilities without the effect of the Higgs mode. The two
temperatures have been chosen so that A(7;) = 0.2A7¢ and A(T3) =
0.1A7. The Higgs peak thus shows up when Q = 2A(T). The
parameters used here are hy = 0.5A7¢ and Dg? = Do* = 0.01 Ay,

IV. EXPERIMENTAL DETECTION

We propose that the Higgs mode in Rashba superconduc-
tors can be detected in the spin pumping experiment as shown
in Fig. 1. Magnons in the FI with momentum ¢ and frequency
Q2 are injected from one side of FI and propagate in the z di-
rection towards the other end. Due to the spin pumping effect,
part of the magnons can be absorbed by the SC on top of it and
converted to quasiparticles. This spin injection causes a spin
current /; flowing in the out-of-plane direction. In the presence
of RSOC, I is converted into a charge current /, via the iSHE
I, = 0% I;, where 0 is the spin Hall angle [50]. When the width
of the SC is smaller than the charge imbalance length the
nonequilibrium charge accumulation cannot be totally relaxed
resulting in a finite resistance p of the SC. Therefore a voltage
can be measured across the SC, given by

V=60p)  ~2JaImlXu(Q. )l (13)
2.9

Thus by tuning the temperature or the frequency of magnon,
one can observe a peak in the voltage [34]. Meanwhile we can
also obtain the magnon absorption rate defined as the energy
of the absorbed magnons divided by time

W =2Q ) —2J,Iml 75s(2, @)y (14)

Qq

This magnon absorption rate results in a dip in the magnon
transmission rate which is experimentally measurable.

V. CONCLUSION

In this paper, we consider a FI/SC bilayer with RSOC
in the bulk of the SC. Using symmetry arguments and mi-
croscopic theory, we show that the Higgs mode in the SC
couples linearly with an external exchange field. This Higgs-
spin coupling hugely enhances the total spin susceptibility
near a critical phase transition point, which can be detected
using iSHE or via strong frequency-dependent changes in the
magnon transmission. Note that in this work, we consider the
diffusive limit where the disorder strength is stronger than
the RSOC and exchange field. However, our conclusion on
Higgsspin coupling should still be valid in the case of strong
RSOC. In fact, we expect that the coupling is much stronger
with strong SOC in the clean limit. In the diffusive limit,
the RSOC together with disorder effectively generate spin re-
laxation which reduces the proximity-induced exchange field
suppressing the Higgs-spin coupling. On the other hand, in
the clean case without disorder this effect is absent and hence
the Higgs-spin coupling can be stronger. We also compare the
Higgs mode in the diffusive limit and ballistic limit in the
Supplemental Material [41].
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