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We study the electrodynamics of spin triplet superconductors including dipolar interactions, which give
rise to an interplay between the collective spin dynamics of the condensate and orbital Meissner screening
currents. Within this theory, we identify a class of spin waves that originate from the coupled dynamics of
the spin-symmetry breaking triplet order parameter and the electromagnetic field. In particular, we study
magnetostatic spin wave modes that are localized to the sample surface. We show that these surface modes
can be excited and detected using experimental techniques such as microwave spin wave resonance
spectroscopy or nitrogen-vacancy magnetometry, and propose that the detection of these modes offers a
means for the identification of spin triplet superconductivity.
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Spin triplet superconductors are distinguished from their
conventional spin singlet counterparts by the fact that they
spontaneously break spin-rotation symmetry in addition to
global U(1) symmetry. This additional symmetry breaking
implies the existence of collective modes, analogous to
spin waves in other spin-symmetry breaking systems such
as ferromagnets and antiferromagnets [1], which originate
from the coherent precession of the triplet order parameter.
Therefore, the existence of these modes, manifested in
the spin dynamics of the ordered state, can be used to
experimentally identify spin triplet superconductors. In
fact, this approach proved to be spectacularly successful in
the study of superfluid *He, where probes of the spin
dynamics, such as NMR, were crucial in the identification
of the triplet order parameter [2—4]. Along these lines,
there have been several proposals to probe spin waves in
triplet superconductors via thermodynamic [5-7] and
transport [8] measurements, but to date these modes have
not been observed in any solid state system. Further, there
has been extensive work concerning orbital collective
modes in unconventional superconductors [9-16] and their
(as yet unrealized) potential use as hallmarks of multi-
component condensates.

In contrast, spectroscopic probes which rely on the
coupling of spin waves to electromagnetic fields have
proven to be a powerful tool in the study of magnetically
ordered systems [17,18]. At the long wavelengths relevant
to experiments, spin dynamics are dominated by dipolar
interactions, which can lead to the emergence of collective
modes corresponding to the coupled fluctuations of spin
waves in the material and incident electromagnetic fields
[19-21]. The most notable example is the Damon-Eshbach
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mode in ferromagnets [21] and antiferromagnets [22,23],
which is localized to the sample surface.

In this Letter, we develop an electrodynamic theory of
spin waves in triplet superconductors, including the effects
of dipolar interactions which couple the spin and orbital
dynamics of the condensate. Physically, the precession of
the triplet order parameter generates a magnetic field that
couples back onto the condensate magnetization, support-
ing collective dipolar modes. These modes remain stable
even when coupled to the orbital motion of the condensate
through Meissner screening. At the sample surface, this
effect gives rise to a distinct set of surface modes, analagous
to Damon-Eshbach modes, which we show are especially
promising for experimental detection. The collective modes
are identified from the solutions of Maxwell’s equations in
the triplet medium, characterized by a dynamical magnetic
susceptibility y(€2). Thus, we must begin by developing the
theory of the uncoupled spin dynamics of the triplet system.

Matter dynamics.—A spin triplet superconductor is
characterized by an S =1 order parameter which is a
symmetric matrix in spin space. It is conventional to
represent this matrix in terms of the so-called “d-vector”
as [2,4]

/Ay A —d,+id, d
A_( t N)Z( ! 3 > 0
AiT A¢¢ dz dx + ldy

Physically, one may envision d as the direction along which
the condensate has an m = 0 spin projection. In rare cases,
the condensate may be “nonunitary,” and possess a net spin
polarization given by Q = id x d [24].
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To describe the low energy behavior of a triplet super-
conductor, we may construct a phenomenological Ginzburg-
Landau free energy,

u
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where r, u, it, and g are coupling constants and we have
neglected gradient terms [25]. We have introduced a
phenomenological easy-axis spin anisotropy, I > 0 that
pins the d vector along the Z axis [26]. The sign of &
determines whether or not an equilibrium condensate
magnetization is favored, and in what follows we will take
it > 0 to study unitary states, since spin-polarized nonuni-
tary states are generally energetically unfavorable and thus
exceedingly rare. Finally, we have coupled the condensate
magnetic moment gQ to an external magnetic field, h.
Although Q vanishes in equilibrium for unitary states, the
energetics of sustaining a fluctuating Q out of equilibrium
affects the spin dynamics, as will be shown below. We
consider only applying a weak field (which does not affect
the equilibrium d-vector) as a means to probe the system.
We note that this model is essentially equivalent to that of a
spin-one spinor condensate [27].

Considering a static system and minimizing Eq. (2), the
equilibrium d-vector is found to be d,= vz, with

v=+/(r+T)/u. To study the order parameter fluctua-
tions, we parametrize the six real collective modes of the
triplet superconductor as

d =¢e“[(v+h)Z+a+ib), (3)

where the global phase mode ¢ is lifted to the plasma
frequency by the Anderson-Higgs mechanism [28], and
the longitudinal fluctuation of the d-vector is the usual
amplitude Higgs mode which resides at the gap edge
[29]. Additionally, there are four transverse modes
a = (a,,a,,0)and b = (b, b,,0) which are, respectively,
in and out of phase with the equilibrium condensate.
Physically, these modes are two species of spin waves
associated with the coherent fluctuation of the super-
conducting condensate, i.e., Cooper-pair spin waves.

By applying the S = 1 representations of the generators
of SU(2) spin rotations to d,, we see that the a mode
corresponds to long-wavelength rotations of the d-vector.
In the absence of anisotropy, a is a Goldstone mode,
while a finite anisotropy I gaps the mode to Q, =T". In
contrast, the b mode gives rise to a fluctuating magneti-
zation 6Q =2d, xb, and is gapped to a frequency Q, =
2fiv> +T since magnetization fluctuations around the
unitary ground state are energetically costly. The a and
b modes are analogous to the fluctuations of the Neél
vector and magnetization in an antiferromagnet, which

can be thought of as in- and out-of-phase fluctuations of
the sublattice magnetizations, respectively.

In order to study the collective dynamics of the triplet
system, we employ a time-dependent Ginzburg-Landau
formalism [30,31], which allows for both coherent and
dissipative order parameter dynamics, with the equation of
motion (taking 7 = 1)

. 5F
io,d = 5+ aod, (4)

where a is a dimensionless damping parameter that is
analogous to the Gilbert damping parameter in the Landau-
Lifshitz-Gilbert theory for magnetic dynamics. This phe-
nomenological damping is meant to model the damping of
spin waves by, e.g., nodal quasiparticles, which are other-
wise absent in our purely bosonic theory. This Landau
damping can be computed microscopically within weak
coupling theory for a given model.

Solving the equations of motion, we can identify the
magnetization m = —6F/6h and, correspondingly, the
dynamic magnetic susceptibility m = yh. Doing so, we
find the transverse susceptibility y,. = x,y, = 11,

[ —iaQ)(Q, — iaQ) — Q*°

(5)
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The susceptibility takes the simple form y (Q) = y,Q3/
(Q2 — Q?) in the absence of damping (with the resonant
frequency Q3 =T'Q, and oscillator strength y, = 2¢°v*/
Q,), and is plotted in Figs. 1(c) and 1(d). Like conventional
magnetic systems, we take y to coincide with the normal
state paramagnetic susceptibility.

This phenomenological model is meant to capture the
key features of the low-frequency dynamics of a triplet
condensate, in particular the pinning of the d vector along
an easy axis by spin-orbit coupling. Given a specific
material, one can construct a more detailed model taking
into account the relevant point group symmetry, but we
expect the main results of our analysis to hold for purely
triplet superconductors on the general grounds that the
transverse susceptibility exhibits a resonance (associated
with a bare spin wave excitation) at finite frequency [32].
The extension of our results to nonunitary or mixed-parity
states is left as the subject of future work.

This generic form of the susceptibility can be illustrated
by a microscopic weak coupling calculation for a simple
model system, which we describe in the Supplemental
Material [36]. We consider a two-dimensional p-wave
superconductor with an easy-axis spin anisotropy. At zero
temperature, we find that the a mode disperses according to
Q? = Q2 + v2q?/2, where v is the Fermi velocity and the
Cooper-pair spin wave frequency Q3 = ypcs(24¢)? is set
by a dimensionless measure of the spin anisotropy ygcs (see
the Supplemental Material [36]) and the superconducting
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FIG. 1. Cooper-pair spin waves. (a) Illustration of Cooper-pair
spin waves, represented as both the precession of the d-vector,
and (schematically) of the associated triplet Cooper-pair spins
that arise due to the time-dependent transverse fluctuations of the
d-vector. (b) Ilustration of the collective modes of a triplet
superconductor: the longitudinal Higgs mode, &, and the trans-
verse spin waves a and b. The a mode is in phase with the
equilibrium d-vector, while the b mode is out of phase. (c) and
(d) Dynamical transverse susceptibility y,(Q) for different
values of the damping parameter a with yo=0.1 and
I'/Q, =0.05. All curves exhibit resonant behavior at the
Cooper-pair spin wave frequency Q3 = I'Q,,.

gap 2A,. Meanwhile, the b mode has the dispersion
Q% = (4A¢)* + Q3 + v3q*/2, which shows that €, coin-
cides with the gap edge in the spin-rotation symmetric
system, and is pushed up into the quasiparticle continuum
by anisotropy. Intrinsically, these modes disperse over
electronic length scales, which can be safely neglected
when studying the long-wavelength behavior of the system.
The transverse susceptibility [43] in this model is y | (Q) =
2083/ (Q5 — ©Q?), consistent with the undamped suscep-
tibility derived from time-dependent Ginzburg-Landau
theory. This calculation also confirms that y, should be
identified as the normal-state paramagnetic susceptibility.
Electrodynamics.—Having derived the properties of the
bare Cooper-pair spin waves, we may now consider their
interaction and hybridization with classical electromagnetic
fields. Since the system is a superconductor, the diamagnetic
response of the condensate, originating from orbital screen-
ing currents, must be taken into account when studying the
spin wave electrodynamics. That is, the Cooper-pair spin
waves generate a fluctuating dipolar magnetic field, which
must be screened by the Meissner currents. This unusual
form of electrodynamics, where the spin dynamics and
orbital currents are coupled at a classical level, distinguishes

spin triplet superconductors from both ferromagnets and
antiferromagnets as well as spinful, but uncharged, con-
densates such as superfluid *He or atomic spinor Bose-
Einstein condensates.

In the quasimagnetostatic approximation, Maxwell’s
equations read (with yg = 1)

V.b=0, (6a)
Vxh=j, (6b)

where j, is the screening supercurrent. This current must be
conserved, and is governed by the London equation

V.j, =0, (7a)
V x j, = —472b, (7b)

where A is the London penetration depth. Finally, in the
triplet system, b and h are related by the constitutive
relation b = ph with y = 1 + y where the susceptibility
(5) encodes the bare spin wave spectrum. The magnetostatic
collective modes are then the normal modes of the coupled
Egs. (6) and (7), comprising of intertwined fluctuations of
the magnetic field, Cooper-pair spin waves, and induced
supercurrent.

Bulk modes.—We begin by considering an infinite triplet
system, where we can solve the magnetostatic equations in
momentum space to find two branches of solutions. The first
mode has the magnetic field polarized transverse to the
d-vector and satisfies u(Q) + 42¢*> = 0, where u(Q) = 1 +
x1(Q) and g is the wave vector of the mode. This mode is
dispersive even in an infinite system on account of the
Meissner effect. In addition to this transverse, isotropically
dispersing mode, the second mode is anisotropic and
partially longitudinal, satisfying (1 + A2¢*sin?¢)u(Q)+
12g*cos’p = 0, where ¢ is the angle between q and the
d-vector. The dispersions of the bulk modes are plotted in
the Supplemental Material [36].

Surface modes.—Next, we consider a semi-infinite triplet
superconductor occupying the half space z <0, with
vacuum above (z > 0). We take the d-vector to lie in the
plane of the sample, along the x axis. The magnetostatic
Egs. (6),(7) must then be supplemented by the boundary
conditions that b,, h,, and hy be continuous across the
interface, and that j; , must vanish at the interface to ensure
supercurrent conservation. The details of this calculation are
summarized in the Supplemental Material [36], and the key
results are shown in Fig. 2.

Figure 2(a) shows the dispersion of the surface mode
for different directions of propagation with respect to the
d-vector. Figure 2(b) shows the surface mode dispersion
alongside the bulk spin wave bands projected onto the
surface, which form two continua of scattering states as the
out-of-plane wave vector ¢, is varied. As the direction of
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FIG. 2. Surface Cooper-pair spin waves. (a) Dispersion of the
surface mode for different directions of in-plane propagation with
respect to the d-vector. (b) Angular dependence of the bulk and
surface mode frequencies for fixed in-plane wave vector Ag = 1.
The surface-projected bulk spin wave bands form two continua,
and the surface mode exists within the gap between them.

in-plane propagation becomes parallel to the d-vector
(¢ — 0), the surface mode intersects the bulk spin wave
bands and ceases to be a distinct, surface-localized mode.
The Cooper-pair spin wave frequency can be estimated
for the candidate triplet superconductor UPt; [44,45],
where NMR [46] and neutron scattering experiments
[47] show that the d-vector is depinned by a field of
HoHpin = 230 mT. We may then estimate the d-vector
anisotropy to be I'~2upuoH i, =300 mK, and using
the weak-coupling expression 2A, =~ 3.5kgT,.~ 1.75 K,
estimate the Cooper-pair spin wave frequency to be
14 GHz in this material. Broadly speaking, most candidate
triplet superconductors have transition temperatures on the
order of 1 K [48-50]. Estimating I'/2Aq ~ 5% —20%
[51,52], we expect Cooper-pair spin waves to generally
reside at 15-30 GHz. However, these modes may be much
lower lying in organic superconductors [5] or graphene-
based systems [53-55], where the spin-orbit coupling
responsible for pinning the d-vector is extremely weak.
Experimental detection.—Cooper-pair spin waves con-
tribute to experimentally observable electrodynamic
response functions such as the surface impedance and
reflectance of the triplet medium. We calculate these
functions within a two-fluid model of electrodynamics
where the charge response is described via the conduc-
tivity 6(Q) = 6,(Q) + i/(A*Q). The first term describes
the dissipative conductivity due to quasiparticles, while the
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FIG. 3. Experimental signatures. (a) and (b) Surface resistance

and reactance Z, = R, — iX, calculated within the two-fluid
model. Both exhibit peaks at the bare Cooper-pair spin wave
frequency Q, and X, features a dip at the bulk dipolar mode
frequency. (c) Illustration of the surface mode in a semi-infinite
sample with an in-plane d-vector. The magnetic field profile of
the mode propagates in the plane of the interface, and decays over
a length Ly ~ A inside the triplet superconductor and over a
length L in vacuum, while the supercurrent profile of the mode
decays over a length L;. d. Near-field reflection coefficient
evaluated at ¢ = 1/4, which exhibits a peak at the surface mode
frequency.

second describes the kinetic inductance of the condensate.
The complex surface impedance, which can be measured
using cavity resonator techniques, is then given by
Z,(Q) = \/u(Q)/e(Q), where e(Q) = 1 + io(Q)/Q is the
dielectric function of the triplet medium (see the
Supplemental Material [36] for details). The surface
resistance and reactance, Z, = R, — iX,, are plotted in
Figs. 3(a) and 3(b) and exhibit a strong resonance at the
bare Cooper-pair spin wave frequency €, as well as a
weaker feature at the frequency of the bulk dipolar mode.
The surface Cooper-pair spin wave lies outside of the
light cone (i.e., disperses with a velocity much slower than
the speed of light), and thus must be excited by a near-field
source, such as an antenna or microwave strip line [56-58].
The same is true for dipolar spin waves in ferromagnets,
and consequently near-field microwave spectroscopy tech-
niques are well developed [19,59,60]. The appropriate
response function to describe such a measurement is the
near-field reflection coefficient r (Q, ) [61,62] which is
calculated in the Supplemental Material [36]. This reflec-
tion coefficient is presented in Fig. 3(d), and features a peak
at the surface mode frequency. This demonstrates that
surface Cooper-pair spin waves can be excited and detected
much like other dipolar spin waves. For example, they can
be excited by a microwave transmission line and detected
either inductively by a second transmission line [59,60], or
electrically via the inverse spin Hall effect [63,64].
Finally, recent advances in nitrogen-vacancy magne-
tometry [65,660] have enabled nitrogen-vacancy sensors to
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operate at the mK temperatures needed to access triplet
superconductivity [67], allowing for the magnetic field
profile of the surface modes to be directly imaged, just as
Damon-Eshbach modes have recently been imaged in
ferromagnets [56].

Conclusions.—We have identified a class of magneto-
static modes in triplet superconductors and demonstrated
their coupling to experimental probes. The detection of
these modes in a given material would constitute strong
evidence for spin triplet superconductivity, just as the
detection of various collective modes in *He proved crucial
to identifying distinct superfluid phases [2,68]. Our results
complement prior works on orbital collective modes in
multicomponent superconductors [9-16], and tighten the
analogies between unconventional superconductors, super-
fluid *He, and magnetic materials.

The authors thank Bertrand Halperin, James Sauls,
William Halperin, Andrew Zimmerman, Zhiyuan Sun,
Yuan Cao, Uri Vool, Ilya Esterlis, lan Hayes, Yonglong
Xie, Manfred Sigrist, Mark Fischer, and Aharon Kapitulnik
for fruitful discussions about this work. N.R. P. and J. B. C.
acknowledge the hospitality of the ETH Ziirich Institute for
Theoretical Physics and the Max Planck Institute for the
Structure and Dynamics of Matter (MPSD, Hamburg),
where part of this work was completed. N.R.P,, J.B.C,,
C.G.L.B., A.Y,, and P. N. are supported by the Quantum
Science Center (QSC), a National Quantum Information
Science Research Center of the U.S. Department of Energy
(DOE). N.R.P. is supported by the Army Research Office
through an NDSEG fellowship. J. B. C. acknowledges sup-
port as a HQI Prize Postdoctoral Fellow and gratefully
acknowledges support from the Harvard Quantum Initiative.
V.M. G. is supported by the National Science Foundation
under Grant No. DMR-2037158, the U.S. Army Research
Office under Contract No. WO9I11NF1310172, and the
Simons Foundation. A.Y. is partly supported by the
Gordon and Betty Moore Foundation through Grant
GBMF 9468 and by the National Science Foundation under
Grant No. DMR-1708688. P. N. is grateful for the hospitality
of the Max Planck Institute for the Structure and Dynamics
of Matter where part of this work was completed supported
by a Max Planck Sabbatical Award and a Bessel Research
Award of the Alexander von Humboldt Foundation. P. N.
acknowledges support as a Moore Inventor Fellow and
gratefully acknowledges support through Grant GBMF8048
from the Gordon and Betty Moore Foundation. E.D.
acknowledges support from the ETH Ziirich Institute for
Theoretical Physics.

“nponiatowski @g.harvard.edu

[1] P. Anderson, Basic Notions of Condensed Matter Physics
(Taylor and Francis, Boca Raton, 1984).

[2] D. Vollhardt and P. Wolfle, The Superfluid Phases of Helium
3 (Taylor and Francis, London, 1990).

[3] G.E. Volovik, Exotic Properties of Superfluid Helium 3
(World Scientific, Singapore, 1992).

[4] A.J. Leggett, A theoretical description of the new phases of
liquid *He, Rev. Mod. Phys. 47, 331 (1975).

[5] T. Rostunov, E. Demler, and A. Georges, Spin-Wave
Contribution to the Nuclear Spin-Lattice Relaxation in
Triplet Superconductors, Phys. Rev. Lett. 96, 077002
(2006).

[6] L. Tewordt, Collective Order Parameter Modes and Spin
Fluctuations for Spin-Triplet Superconducting State in
Sr,RuQy, Phys. Rev. Lett. 83, 1007 (1999).

[7] H.-Y. Kee, Y.B. Kim, and K. Maki, Spin waves in a
two-dimensional p-wave superconductor: Sr,RuQO,, Phys.
Rev. B 61, 3584 (2000).

[8] S.B. Chung, S.K. Kim, K. H. Lee, and Y. Tserkovnyak,
Cooper-Pair Spin Current in a Strontium Ruthenate Hetero-
structure, Phys. Rev. Lett. 121, 167001 (2018).

[9] P.J. Hirschfeld, P. Wolfle, J. A. Sauls, D. Einzel, and W. O.
Putikka, Electromagnetic absorption in anisotropic super-
conductors, Phys. Rev. B 40, 6695 (1989).

[10] P.J. Hirschfeld, W. O. Putikka, and P. Wolfle, Electro-
magnetic Power Absorption by Collective Modes in
Unconventional Superconductors, Phys. Rev. Lett. 69,
1447 (1992).

[11] S.K. Yip and J. A. Sauls, Circular dichroism and birefrin-
gence in unconventional superconductors, J. Low Temp.
Phys. 86, 257 (1992).

[12] S.B. Chung, S. Raghu, A. Kapitulnik, and S. A. Kivelson,
Charge and spin collective modes in a quasi-one-dimen-
sional model of Sr,RuQy,, Phys. Rev. B 86, 064525 (2012).

[13] V. Stanev and Z. Tesanovi¢, Three-band superconductivity
and the order parameter that breaks time-reversal symmetry,
Phys. Rev. B 81, 134522 (2010).

[14] J. A. Sauls, H. Wu, and S. B. Chung, Anisotropy and strong-
coupling effects on the collective mode spectrum of chiral
superconductors: Application to Sr,RuQO,, Front. Phys. 3,
36 (2015).

[15] H. Uematsu, T. Mizushima, A. Tsuruta, S. Fujimoto, and
J. A. Sauls, Chiral Higgs Mode in Nematic Superconduc-
tors, Phys. Rev. Lett. 123, 237001 (2019).

[16] N.R. Poniatowski, J. B. Curtis, A. Yacoby, and P. Narang,
Spectroscopic signatures of time-reversal symmetry break-
ing superconductivity, Commun. Phys. 5, 44 (2022).

[17] C. Kittel, On the theory of ferromagnetic resonance
absorption, Phys. Rev. 73, 155 (1948).

[18] L. S. Maksymov and M. Kostylev, Broadband stripline ferro-
magnetic resonance spectroscopy of ferromagnetic films,
multilayers and nanostructures, Physica E (Amsterdam) 69,
253 (2015).

[19] A. Prabhakar and D. Stancil, Spin Waves: Theory and
Applications (Springer, Boston, 2009).

[20] L. R. Walker, Magnetostatic modes in ferromagnetic reso-
nance, Phys. Rev. 105, 390 (1957).

[21] R. Damon and J. Eshbach, Magnetostatic modes of a
ferromagnet slab, J. Phys. Chem. Solids 19, 308 (1961).

[22] D.E. Beeman, Magnetostatic modes in antiferromagnets
and canted antiferromagnets, J. Appl. Phys. 37, 1136
(1966).

[23] B. Liithi, D. L. Mills, and R. E. Camley, Surface spin waves
in antiferromagnets, Phys. Rev. B 28, 1475 (1983).

237002-5


https://doi.org/10.1103/RevModPhys.47.331
https://doi.org/10.1103/PhysRevLett.96.077002
https://doi.org/10.1103/PhysRevLett.96.077002
https://doi.org/10.1103/PhysRevLett.83.1007
https://doi.org/10.1103/PhysRevB.61.3584
https://doi.org/10.1103/PhysRevB.61.3584
https://doi.org/10.1103/PhysRevLett.121.167001
https://doi.org/10.1103/PhysRevB.40.6695
https://doi.org/10.1103/PhysRevLett.69.1447
https://doi.org/10.1103/PhysRevLett.69.1447
https://doi.org/10.1007/BF01151804
https://doi.org/10.1007/BF01151804
https://doi.org/10.1103/PhysRevB.86.064525
https://doi.org/10.1103/PhysRevB.81.134522
https://doi.org/10.3389/fphy.2015.00036
https://doi.org/10.3389/fphy.2015.00036
https://doi.org/10.1103/PhysRevLett.123.237001
https://doi.org/10.1038/s42005-022-00819-0
https://doi.org/10.1103/PhysRev.73.155
https://doi.org/10.1016/j.physe.2014.12.027
https://doi.org/10.1016/j.physe.2014.12.027
https://doi.org/10.1103/PhysRev.105.390
https://doi.org/10.1016/0022-3697(61)90041-5
https://doi.org/10.1063/1.1708368
https://doi.org/10.1063/1.1708368
https://doi.org/10.1103/PhysRevB.28.1475

PHYSICAL REVIEW LETTERS 129, 237002 (2022)

[24] M. Sigrist and K. Ueda, Phenomenological theory of
unconventional superconductivity, Rev. Mod. Phys. 63,
239 (1991).

[25] Gradient terms are subdominant at long wavelengths com-

pared to the orbital Meissner screening currents. Including

gradient terms, the magnetostatic mode dispersion acquires

a positive group velocity at short wavelengths Ag > 1, in

direct analogy to the inclusion of exchange terms in the

magnetostatic theory of ferromagnets and antiferromagnets.

In general, d(r, ¢) is a function of momentum. However, as a

consequence of the d-vector pinning, we assume that d(r, ¢)

is uniformly oriented along Z at all points on the Fermi
surface, and thus independent of the relative momentum of
the triplet pairs.

[27] Y. Kawaguchi and M. Ueda, Spinor Bose-Einstein con-
densates, Phys. Rep. 520, 253 (2012), spinor Bose—Einstein
condensates.

[28] P. W. Anderson, Plasmons, gauge invariance, and mass,
Phys. Rev. 130, 439 (1963).

[29] D. Pekker and C. Varma, Amplitude/Higgs modes in
condensed matter physics, Annu. Rev. Condens. Matter
Phys. 6, 269 (2015).

[30] A.T. Dorsey, Vortex motion and the Hall effect in typell
superconductors: A time-dependent Ginzburg-Landau
theory approach, Phys. Rev. B 46, 8376 (1992).

[31] P.C. Hohenberg and B.I. Halperin, Theory of dynamic
critical phenomena, Rev. Mod. Phys. 49, 435 (1977).

[32] We also expect the magnetostatic modes studied in this
Letter to be robust against order parameter domains, since
these modes are achiral and determined by the transverse
susceptibility. In practice, one expects that order parameter
domains can be aligned with the application of a small
“training” magnetic field, as demonstrated in Refs. [33-35].

[33] J. Xia, Y. Maeno, P. T. Beyersdorf, M. M. Fejer, and A.
Kapitulnik, High Resolution Polar Kerr Effect Measure-
ments of Sr,RuO,: Evidence for Broken Time-Reversal
Symmetry in the Superconducting State, Phys. Rev. Lett.
97, 167002 (20006).

[34] E. Schemm, W. Gannon, C. Wishne, W. Halperin, and A.
Kapitulnik, Observation of broken time-reversal symmetry
in the heavy-fermion superconductor UPt3, Science 345,
190 (2014).

[35] I. M. Hayes, D. S. Wei, T. Metz, J. Zhang, Y. S. Eo, S. Ran,
S.R. Saha, J. Collini, N.P. Butch, D.F. Agterberg, A.
Kapitulnik, and J. Paglione, Multicomponent superconduct-
ing order parameter in UTe,, Science 373, 797 (2021).

[36] See  Supplemental ~Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.129.237002, which in-
cludes Refs. [37—42] for the weak coupling derivation of the
collective mode spectrum and the two-fluid calculations of
the collective mode response.

[37] Y. V. Fominov, Y. Tanaka, Y. Asano, and M. Eschrig, Odd-
frequency superconducting states with different types of
Meissner response: Problem of coexistence, Phys. Rev. B
91, 144514 (2015).

[38] T. Tsuneto, Transverse collective excitations in supercon-
ductors and electromagnetic absorption, Phys. Rev. 118,
1029 (1960).

[39] L.D. Landau and E.M. Lifshitz, Electrodynamics of
Continuous Media (Pergamon, New York, 1984).

[26

—_

[40] M. A. Hein, Microwave properties of superconductors, in
Microwave Superconductivity, edited by H. Weinstock and
M. Nisenoff (Springer Netherlands, Dordrecht, 2001),
pp. 21-53.

[41] W.J. Gannon, W. P. Halperin, C. Rastovski, K. J. Schlesinger,
J. Hlevyack, M. R. Eskildsen, A.B. Vorontsov, J. Gavilano,
U. Gasser, and G. Nagy, Nodal gap structure and order
parameter symmetry of the unconventional superconductor
UPt;, New J. Phys. 17, 023041 (2015).

[42] P. Tran, S. Donovan, and G. Griiner, Charge excitation
spectrum in UPt;, Phys. Rev. B 65, 205102 (2002).

[43] A.F. Andreev and V.I. Marchenko, Symmetry and the
macroscopic dynamics of magnetic materials, Sov. Phys.
Usp. 23, 21 (1980).

[44] R. Joynt and L. Taillefer, The superconducting phases of
UPt;, Rev. Mod. Phys. 74, 235 (2002).

[45] J. A. Sauls, The order parameter for the superconducting
phases of UPt;, Adv. Phys. 43, 113 (1994).

[46] H. Tou, Y. Kitaoka, K. Ishida, K. Asayama, N. Kimura, Y.
Onuki, E. Yamamoto, Y. Haga, and K. Maezawa, Nonuni-
tary Spin-Triplet Superconductivity in UPt;: Evidence from
195p¢ Knight Shift Study, Phys. Rev. Lett. 80, 3129 (1998).

[47] W.J. Gannon, W.P. Halperin, C. Rastovski, M.R.
Eskildsen, P. Dai, and A. Stunault, Magnetization in the
superconducting state of UPt; from polarized neutron
diffraction, Phys. Rev. B 86, 104510 (2012).

[48] S.Ran, C. Eckberg, Q.-P. Ding, Y. Furukawa, T. Metz, S. R.
Saha, L.-L. Liu, M. Zic, H. Kim, J. Paglione, and N.P.
Butch, Nearly ferromagnetic spin-triplet superconductivity,
Science 365, 684 (2019).

[49] D. Aoki, K. Ishida, and J. Flouquet, Review of U-based
ferromagnetic superconductors: Comparison between UGe?2,
URhGe, and UCoGe, J. Phys. Soc. Jpn. 88, 022001 (2019).

[50] A.D. Hillier, J. Quintanilla, B. Mazidian, J. F. Annett, and
R. Cywinski, Nonunitary Triplet Pairing in the Centro-
symmetric Superconductor LaNiGa,, Phys. Rev. Lett. 109,
097001 (2012).

[51] K. K. Ng and M. Sigrist, The role of spin-orbit coupling for
the superconducting state in Sr,RuO,, Europhys. Lett. 49,
473 (2000).

[52] Y. Yanase, M. Mochizuki, and M. Ogata, Role of spin—orbit
coupling on the spin triplet pairing in Na,CoO, - yH,O: I. d-
vector under zero magnetic field, J. Phys. Soc. Jpn. 74, 2568
(2005).

[53] Y. Cao, J.M. Park, K. Watanabe, T. Taniguchi, and P.
Jarillo-Herrero, Pauli-limit violation and re-entrant super-
conductivity in moiré graphene, Nature (London) 595, 526
(2021).

[54] H. Zhou, T. Xie, T. Taniguchi, K. Watanabe, and A. F. Young,
Superconductivity in rhombohedral trilayer graphene, Nature
(London) 598, 434 (2021).

[55] H. Zhou, Y. Saito, L. Cohen, W. Huynh, C. L. Patterson, F.
Yang, T. Taniguchi, K. Watanabe, and A. F. Young, Isospin
magnetism and spin-triplet superconductivity in Bernal
bilayer graphene, Science 375, 774 (2022).

[56] T.X. Zhou, J.J. Carmiggelt, L. M. Géchter, I. Esterlis, D.
Sels, R.J. Stohr, C. Du, D. Fernandez, J.F. Rodriguez-
Nieva, F. Biittner, E. Demler, and A. Yacoby, A magnon
scattering platform, Proc. Natl. Acad. Sci. U.S.A. 118,
€2019473118 (2021).

237002-6


https://doi.org/10.1103/RevModPhys.63.239
https://doi.org/10.1103/RevModPhys.63.239
https://doi.org/10.1016/j.physrep.2012.07.005
https://doi.org/10.1103/PhysRev.130.439
https://doi.org/10.1146/annurev-conmatphys-031214-014350
https://doi.org/10.1146/annurev-conmatphys-031214-014350
https://doi.org/10.1103/PhysRevB.46.8376
https://doi.org/10.1103/RevModPhys.49.435
https://doi.org/10.1103/PhysRevLett.97.167002
https://doi.org/10.1103/PhysRevLett.97.167002
https://doi.org/10.1126/science.1248552
https://doi.org/10.1126/science.1248552
https://doi.org/10.1126/science.abb0272
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.237002
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.237002
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.237002
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.237002
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.237002
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.237002
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.237002
https://doi.org/10.1103/PhysRevB.91.144514
https://doi.org/10.1103/PhysRevB.91.144514
https://doi.org/10.1103/PhysRev.118.1029
https://doi.org/10.1103/PhysRev.118.1029
https://doi.org/10.1088/1367-2630/17/2/023041
https://doi.org/10.1103/PhysRevB.65.205102
https://doi.org/10.1070/PU1980v023n01ABEH004859
https://doi.org/10.1070/PU1980v023n01ABEH004859
https://doi.org/10.1103/RevModPhys.74.235
https://doi.org/10.1080/00018739400101475
https://doi.org/10.1103/PhysRevLett.80.3129
https://doi.org/10.1103/PhysRevB.86.104510
https://doi.org/10.1126/science.aav8645
https://doi.org/10.7566/JPSJ.88.022001
https://doi.org/10.1103/PhysRevLett.109.097001
https://doi.org/10.1103/PhysRevLett.109.097001
https://doi.org/10.1209/epl/i2000-00173-x
https://doi.org/10.1209/epl/i2000-00173-x
https://doi.org/10.1143/JPSJ.74.2568
https://doi.org/10.1143/JPSJ.74.2568
https://doi.org/10.1038/s41586-021-03685-y
https://doi.org/10.1038/s41586-021-03685-y
https://doi.org/10.1038/s41586-021-03926-0
https://doi.org/10.1038/s41586-021-03926-0
https://doi.org/10.1126/science.abm8386
https://doi.org/10.1073/pnas.2019473118
https://doi.org/10.1073/pnas.2019473118

PHYSICAL REVIEW LETTERS 129, 237002 (2022)

[57] C. Du, T. van der Sar, T. X. Zhou, P. Upadhyaya, F. Casola,
H. Zhang, M. C. Onbasli, C. A. Ross, R. L. Walsworth, Y.
Tserkovnyak, and A. Yacoby, Control and local measure-
ment of the spin chemical potential in a magnetic insulator,
Science 357, 195 (2017).

[58] I. Bertelli, J.J. Carmiggelt, T. Yu, B.G. Simon, C.C.
Pothoven, G. E. W. Bauer, Y. M. Blanter, J. Aarts, and T.
van der Sar, Magnetic resonance imaging of spin-wave
transport and interference in a magnetic insulator, Sci. Adv.
6, eabd3556 (2020).

[59] V. V. Kruglyak, S.O. Demokritov, and D. Grundler,
Magnonics, J. Phys. D 43, 264001 (2010).

[60] P. Pirro, V.I. Vasyuchka, A. A. Serga, and B. Hillebrands,
Advances in coherent magnonics, Nat. Rev. Mater. 6, 1114
(2021).

[61] Z. Sun, M.M. Fogler, D.N. Basov, and A.J. Millis,
Collective modes and terahertz near-field response of super-
conductors, Phys. Rev. Res. 2, 023413 (2020).

[62] G. Ford and W. Weber, Electromagnetic interactions of
molecules with metal surfaces, Phys. Rep. 113, 195
(1984).

[63] A.V. Chumak, V.I. Vasyuchka, A.A. Serga, and B.
Hillebrands, Magnon spintronics, Nat. Phys. 11, 453 (2015).

[64] A. Hoffmann, Spin Hall effects in metals, IEEE Trans.
Magn. 49, 5172 (2013).

[65] F. Casola, T. van der Sar, and A. Yacoby, Probing condensed
matter physics with magnetometry based on nitrogen-
vacancy centres in diamond, Nat. Rev. Mater. 3, 17088
(2018).

[66] U. Vool, A. Hamo, G. Varnavides, Y. Wang, T. X. Zhou, N.
Kumar, Y. Dovzhenko, Z. Qiu, C. A. C. Garcia, A. T. Pierce,
J. Gooth, P. Anikeeva, C. Felser, P. Narang, and A. Yacoby,
Imaging phonon-mediated hydrodynamic flow in WTe,,
Nat. Phys. 17, 1216 (2021).

[67] P.J. Scheidegger, S. Diesch, M. L. Palm, and C. L. Degen,
Scanning nitrogen-vacancy magnetometry down to 350 mk,
Appl. Phys. Lett. 120, 224001 (2022).

[68] W. Halperin and E. Varoquaux, Order-parameter collective
modes in superfluid 3He, in Helium Three, Modern
Problems in Condensed Matter Sciences Vol. 26, edited
by W. Halperin and L. Pitaevskii (Elsevier, New York,
1990), pp. 353-522.

237002-7


https://doi.org/10.1126/science.aak9611
https://doi.org/10.1126/sciadv.abd3556
https://doi.org/10.1126/sciadv.abd3556
https://doi.org/10.1088/0022-3727/43/26/264001
https://doi.org/10.1038/s41578-021-00332-w
https://doi.org/10.1038/s41578-021-00332-w
https://doi.org/10.1103/PhysRevResearch.2.023413
https://doi.org/10.1016/0370-1573(84)90098-X
https://doi.org/10.1016/0370-1573(84)90098-X
https://doi.org/10.1038/nphys3347
https://doi.org/10.1109/TMAG.2013.2262947
https://doi.org/10.1109/TMAG.2013.2262947
https://doi.org/10.1038/natrevmats.2017.88
https://doi.org/10.1038/natrevmats.2017.88
https://doi.org/10.1038/s41567-021-01341-w
https://doi.org/10.1063/5.0093548

