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Larmor precession in strongly correlated itinerant
electron systems

Erik G. C. P. van Loon® "™ & Hugo U. R. Strand@® 23

Many-electron systems undergo a collective Larmor precession in the presence of a magnetic
field. In a paramagnetic metal, the resulting spin wave provides insight into the correlation
effects generated by the electron-electron interaction. Here, we use dynamical mean-field
theory to investigate the collective Larmor precession in the strongly correlated regime,
where dynamical correlation effects such as quasiparticle lifetimes and non-quasiparticle
states are essential. We study the spin excitation spectrum, which includes a dispersive
Larmor mode as well as electron-hole excitations that lead to Stoner damping. We also
extract the momentum-resolved damping of slow spin waves. The accurate theoretical
description of these phenomena relies on the Ward identity, which guarantees a precise
cancellation of self-energy and vertex corrections at long wavelengths. Our findings pave the
way towards a better understanding of spin wave damping in correlated materials.
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and scientific importance, with topics ranging from

magnetic data storage>2 to magnetic skyrmions?, the
ultrafast optical manipulation of magnetism*?, and the properties
of earth’s core®. Although magnetization dynamics in solids is
frequently modeled using localized magnetic moments’, it fun-
damentally originates from the electrons and their quantum
mechanical delocalization and Coulomb interaction. The
description in terms of immobile moments is a particularly
drastic approximation for metals with itinerant electrons.

The application of an external magnetic field leads to spin waves
in paramagnetic metals. The dispersion relation of the spin wave
wr(q) has a universal value at zero momentum q =0, corre-
sponding to the Larmor precession of the system’s total magnetic
moment, while w;(q) depends on the interactions and correlations
in the system at finite 312 In a Fermi liquid, conduction-electron
spin resonance experiments in the presence of a magnetic field can
be used to extract the magnetic Landau parameters By, B; based on
this effect!®13, which was a crucial confirmation of Fermi liquid
theory for the alkali metals in the late 1960s and early 1970s!1.
Given the current interest in and limited understanding of non-
Fermi liquid behavior in correlated electron systems!41>, similar
studies of spin waves in the presence of a magnetic field have the
potential to provide additional insight.

In addition to the dispersion, there is also the question of spin
wave damping. For systems with SU(2) spin symmetry, the uni-
form Larmor precession is undamped, so the damping of the
associated spin wave should vanish at long wavelengths
(q — 0)!1, similar to plasmons!®. At finite wavelength (|q| > 0),
the collective mode can be damped by electron-hole excitations
(Stoner/Landau damping!®) and the finite quasiparticle lifetime of
the interacting electrons, i.e., electron-electron scattering. The
latter is a paradigmatic example of a correlation effect, making it
hard to model adequately.

In this work, we study the magnetization dynamics and
damping of spin waves in the Hubbard-Zeeman model (Fig. 1a).
We use dynamical mean-field theory (DMFT)!7:18 to handle
strong correlations while maintaining the appropriate Ward
identities!®-21. We show the importance of dynamical correlation
effects for the spin excitation spectrum, leading to changes in the
dispersion and the damping as well as the appearance of an
additional spin wave mode.

M agnetization dynamics is a field with great technological

Results

Larmor precession. A single magnetic moment in an external
magnetic field Bé, will partially align itself with the magnetic field
while the in-plane component undergoes Larmor precession with a
characteristic frequency w; = B. For a larger system composed of
several electrons or magnetic moments, a similar precession occurs
for the total magnetization S; = 3°,S, . If the Hamiltonian without
field Hy is SU(2) spin-symmetric, and H = H, — BS%, then the
Heisenberg equation of motion for the total magnetization and the
precession frequency wyp =B is identical to that of the single
moment, independently of the details of the system (see Methods).
Here, we have incorporated the g-factor into the definition of B,
and we use 2 = 1. The Larmor precession is undamped, a fact that
follows directly from the Heisenberg equation of motion.

Hubbard model. We now consider the single-orbital Hubbard
model on the square lattice, ie., H,= —tzmh)'gclacbo—i—
Uty n,), where ¢!, creates an electron on site a with spin
ge{l, |}, ¢,, is the corresponding annihilation operator, n,, =
¢! ¢, is @ number operator, and the sum 2 (aby gO€s over pairs of
neighboring sites a, b. The local spin operator S, has components
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Fig. 1 The Hubbard-Zeeman model. a Electrons on a lattice with hopping
parameter t, Hubbard interaction U and Zeeman magnetic field B. b Density
(N) = (n;) + (n,) in the Hubbard-Zeeman model, calculated using
dynamical mean-field theory (DMFT, blue) and the Hartree approximation
(H, orange). Similarly, the magnetization 2(5*) = (ny) —(n,) in DMFT
(green) and Hartree (red). Calculations with temperature T=1/10,
magnetic field B= 2, and chemical potential x = +1. ¢ Stoner enhancement
of the band splitting. The interaction leads to an enhanced effective
Zeeman field Bes; and, therefore, a larger splitting between the minority
(solid blue) and the majority (solid red) bands E(k), E (k) than in the non-
interacting system (dashed blue and dashed red, respectively), where k is
taken along the I'-X-M-T" high-symmetry path.

ST =3, ch ol c.» where o', 1 € {x, y, z} are the Pauli matrices.
The parameter t is the hopping matrix element, and U is the
Coulomb repulsion between electrons on the same site. As U
increases, the system becomes more and more correlated. The
bandwidth is 8¢, and we use units of energy ¢t =1. We consider
this model in thermodynamic equilibrium, in the grand canonical
ensemble at fixed temperature T = 1/f3, chemical potential ¢4, and
magnetic field B. The simulations in the figures are for T'=1/10
and B = 2. The model is illustrated in Fig. 1a. The magnetization
dynamics in equilibrium are encoded in the spatiotemporal cor-
relation function y(t,r) = (§*(¢,r)S*(0,0)) and its Fourier trans-
forms x(w, q), which we call the susceptibility. We look at the spin
components orthogonal to the field since these show the collective
Larmor precession.

Using DMFT, we can calculate both the susceptibility defined
above and single-particle properties such as the spectral function
AY(E, k) and the average density and magnetization, (N) and (§%),
which are shown in Fig. 1b. The DMFT calculations take into
account (dynamical) correlation effects such as finite electronic
lifetimes, bandwidth renormalization and spectral weight transfer,
as well as the associated vertex corrections to the susceptibility.
These vertex corrections are needed to satisfy the Ward identities,
an exact relation between single-particle and two-particle proper-
ties. Only approximations that satisfy the Ward identities are
guaranteed to find the undamped Larmor precession at the
correct frequency!®2122 (see “Methods”). Essentially, the Ward
identities lead to a precise cancellation of self-energy effects and
vertex corrections for the Larmor precession. We compare the
resulting susceptibility to the random phase approximation
(RPA). Via the Ward identities, the RPA corresponds to taking
into account only static Hartree shifts in the band structure, and it
is therefore only applicable to weakly correlated systems.

Moderate correlation. The electron-electron interaction U leads
to a finite quasiparticle lifetime for electrons away from the Fermi
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Fig. 2 Moderate correlation. a, b Single-particle spectral function A°(E, k)
at a Hubbard interaction U = 4 for chemical potentialag=Tandbpu=—1.
The associated density (N) and magnetization <SZ> are indicated.

¢, d Susceptibility Imy(w, q) and damping a(q) = 9 Imy(w, q)/dw|,_o for
cu=1andd u=—1 All momenta are taken along the I'-X-M-T" high-
symmetry path. Calculations using dynamical mean-field theory (DMFT).

level, as is visible in the band broadening in Fig. 2a, b. Further-
more, there is a Stoner enhancement of the magnetic field
(Fig. 1c), which would be given by B = B+ 2U(S°) in the
Hartree approximation. In fact, this static Hartree mean field
overestimates the Stoner enhancement. A minority electron can
be on a site precisely at times when there is no majority electron
there. The inclusion of these dynamical correlations reduces the
spin polarization (%), as is visible in Fig. 1b. This is a clear sign of
the importance of dynamical correlations even at moderate
interaction strengths. Finally, we note the spectral weight transfer
away from the main minority spin band, visible in the spectral
function AV(E, k) in Fig. 2a, b.

Looking at y(w,q), the spin excitation at the I-point (ie.,
q=0) is fixed at the bare Larmor frequency w;(0)=B=2, as
required by the Heisenberg equation of motion and as guaranteed
by DMFT’s Ward identities, see Fig. 2¢c, d. Universality is lost
when moving away from I to finite momenta |q| >0. As in the
Fermi liquid (see Supplementary Note 1), the Larmor mode
disperses downwards, allowing for a determination of Landau
parameters!®13 in principle. At the same time, the electron-hole
continuum emanates at I' from the renormalized frequency given
by the effective field B.s = B+ 2U(S?). Broadening of the
Larmor mode due to finite electronic lifetimes is allowed for
any q#0 and is clearly visible in Fig. 2c, d. Once the Larmor
mode and the electron-hole continuum meet further away from
I, the Larmor mode can decay into electron-hole pairs (the
Stoner/Landau damping), and the mode broadens further. Deep
in the Brillouin zone, there is a rich energy and momentum
structure in y reflecting the particular fermiology at a given filling,
including low-energy modes that are indicative of a tendency
toward magnetic ordering. Our DMFT simulations have a limited
energy resolution and cannot resolve the details of these
structures, but they are clearly visible in RPA, see Fig. 3. At the
same time, RPA does overestimate this tendency towards
magnetic ordering?3, which is reflected in the much larger low-
energy spectral weight in the RPA susceptibility. Finally, Fig. 2¢, d
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Fig. 3 Static mean-field. a, b Hartree approximation for the band structure
at chemical potential u =1 and a Hubbard interactiona U=4 and b U=09.
Note that the bands are perfectly sharp in the Hartree approximation, so no
color bar is shown. The associated density (N) and magnetization (S?) are
indicated. ¢, d Susceptibility Imy(w,q) and damping a(q) =

o Imy(w, q)/ow|,_o for ¢ U=4 and d U=9, calculated using the random
phase approximation (RPA). All momenta are taken along the I'-X-M-T"
high-symmetry path. Note that a(q) <103 for all momenta in (d).

also shows the low-frequency limit of the susceptibility, a(q),
which will be discussed in more detail below. The relation to spin-
wave spectra in systems with spontaneously broken symmetry?*
is discussed in Supplementary Note 2.

Strong correlation. At larger interaction strengths, the electronic
structure changes qualitatively, as shown in Fig. 4a, b, becoming
reminiscent of a ferromagnetic half-metal?>. Due to the large
Stoner enhancement of the magnetic field, no minority electrons
are present, visible as (N)=2(S%) in Fig. 1b. As a result, the
majority electrons move as free electrons according to their non-
interacting band structure with very long lifetime (no band
broadening). For the minority electrons, on the other hand, there
are both quasiparticle states which are shifted to high energies
due to the Stoner-enhanced field, and states just above the Fermi
level where the minority and majority electrons move coherently
so as to avoid doubly occupying a site. The electron-electron
interaction also leads to scattering and, thus, to a finite lifetime of
the minority electrons (band broadening). The precise structure
of these features in the minority spectral function depends
strongly on the chemical potential y, which controls the filling of
the majority band. A wider set of Hubbard interaction strengths is
shown in Supplementary Note 3.

Studying y(w,q) in Fig. 4c for u=1, two electron-hole
continua are visible close to I'. One of them emanates from the
expected high energy given by the effective magnetic field B.g
while the one at lower energy originates from transitions between
the majority band and the lower minority band. Thus, the spectral
weight transfer at the single-particle level is reflected in the spin
susceptibility, similar to the observation for plasmons?0. The
appearance of this additional branch is an entirely dynamic
correlation-driven effect that is beyond Hartree and the
corresponding RPA. For y=—1 in Fig. 4b, d, the high-energy
branch of the minority single-particle spectrum is very weak, and
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Fig. 4 Strong correlation. a, b Single-particle spectral function A°(E, k) at a
Hubbard interaction U =9 for chemical potentialay=1andb u=—1. The
associated density (N) and magnetization (5%) are indicated.

¢, d Susceptibility Imy(w, q) and damping a(q) = 9 Imy(w, q)/dw|,,_o for
cpu=1and d u=—1 All momenta are taken along the I'-X-M-T" high-
symmetry path. Calculations using dynamical mean-field theory (DMFT).

as a result, there are also no high-energy excitations in the
susceptibility at Beg=6.3.

Although U=9 is clearly outside the formal range of
applicability of RPA, it is worthwhile to consider how RPA fails
by comparing Figs. 3d and 4c. The RPA incorrectly predicts an
extremely sharp Larmor mode throughout the Brillouin Zone.
The reason for this is that RPA only contains damping from
electron-hole excitations, and it overestimates the energy of the
minority electrons substantially since the Hartree band structure
lacks the lower minority branch.

Weak correlation. For very small values of U, RPA is known to
be accurate, and the comparison of RPA and DMFT can be used
to assess the quality of the DMFT calculations. Figure 5 shows
that both methods indeed give qualitatively similar results: low
energy spectral weight in large parts of the Brillouin Zone except
close to M, maximum energy w =6 at X, and one upwards and
one downwards dispersing mode close to I'. Note that the Stoner
enhancement 2U(S?) is so small that it is not possible to observe
the splitting between the Larmor mode and the electron-hole
continuum in either figure. We have a much better energy (and
momentum) resolution in RPA, which makes it possible to
resolve the sharp features that characterize electronic quasi-
particles with a very long lifetime. Note that U>0, so DMFT
already contains some finite lifetime effects and should not be
expected to match the RPA exactly.

Damping of slow modes. Low-energy (slow) magnetization
dynamics can be described using the Landau-Lifshitz-Gilbert
equation’, which contains the Gilbert damping as a parameter. In
general, the Gilbert damping can be nonlocal, although it is fre-
quently assumed to be local (q-independent) for convenience. To
connect magnetization dynamics to first-principles calculations, it
is necessary to extract the damping parameter from an electronic
model. Several mechanisms contribute to the damping of

x o B
a 1‘21 {u=1.0 Im x(w, q) b 13 Ju=1.0 Im x(w, q)
10 4H= = 1.0 DMFT 10 44= = 1.0 RPA
8 ](nM=0.6 8 |{N)=0.6
3 ¢ Jis9=0.16 3¢ J(s1=0.16
4 4
2 1 g 2 - -
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Fig. 5 Weak correlation. The susceptibility Imy(w, q) and damping a(q) =
dImy(w, q)/dw|,_o for a dynamical mean-field theory (DMFT) and b the
random-phase approximation (RPA), both at Hubbard interaction U=1and
chemical potential g = — 1. The density (N), magnetization (5%),
susceptibility, and damping are similar in both approaches. Note that we
are able to perform the RPA calculations with much higher energy
resolution. All momenta are taken along the I'-X-M-T" high-symmetry path.

low-energy modes in real materials, including spin-orbit cou-
pling, coupling to the lattice and impurities, decay of spin waves
into electron-hole excitations, and finite electronic lifetimes. In
our model, there is no spin-orbit coupling or coupling to the
lattice or impurities by construction, which gives us a clear view
of the physics of electron-hole excitations and finite electronic
lifetimes. We should stress that spin-orbit coupling is the main
damping mechanism for spin waves in many magnetic materials
and can, in principle, be included in multi-orbital DMFT calcu-

lations. To connect our electronic model to slow magnetization

. 9 Imy (o, e
dynamics?©-28, we study a(q) = %| w—0> Which is shown

below, the color maps in the Imy(w, q) figures. Note that we show
a(q) on a logarithmic scale with a lower cut-off at 1073.

Starting with the weakly correlated system, Fig. 5 shows the
quantitative agreement of a(q) between DMFT and RPA. Since
RPA is known to be accurate in this regime, this provides
confidence in the numerical methods used to extract a(q) from
the analytically continued DMFT spectra. At this small value of
U, a(q) is relatively flat in a large part of the Brillouin Zone and
quickly drops close to I'. In RPA, the damping of slow modes a(q)
is non-zero when the transferred momenta q connects the
minority and majority Fermi surfaces (see Supplementary Fig. 2)
since that is where electron-hole damping at w = 0 is possible. For
larger values of U, a(q) becomes more momentum-dependent,
ie., less local. We find that the RPA does not describe a(q) in
moderately and strongly correlated systems accurately. It under-
estimates the damping by electron-hole excitations since it puts
the electron-hole continuum too far away. At strong coupling, it
also completely lacks the lower electron-hole excitation branch.
As a result, at U=9, the RPA predicts a negligible damping of
slow modes even though the DMFT calculation shows a
substantial damping deep in the Brillouin Zone. At moderate
correlation strength, U= 4, the RPA overestimates the tendency
towards magnetic ordering and thereby also a(q). For additional
analysis of the structure of a in real space see Supplementary
Note 4.

Energy scales. For clarity, we have illustrated the Larmor pre-
cession in situations where the Zeeman splitting is smaller than
but comparable to the electronic bandwidth. In practice, the Bohr
magneton pp=>5x10"> eV/T leads to sub-meV Larmor fre-
quencies at realistic magnetic field strengths, substantially below
the relevant electronic bandwidth in conventional materials. For
that reason, the magnetization dynamics and electronic dynamics
can frequently be considered as decoupled phenomena. On the
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other hand, extremely narrow bands can be created in artificial
superlattices, such as twisted bilayer graphene??, transition metal
dichalcogenide bilayers39-32, and fermions in optical lattices?3.
These systems are promising experimental platforms for studying
the collective Larmor precession and the electron-hole continua.

Discussion

We have studied the collective Larmor precession of correlated
electron systems in the presence of a Zeeman field. A comparison
of RPA and DMFT calculations shows that dynamical correlation
effects are crucial in the moderate and strong correlation regime
for the dispersion and damping of the spin excitations as well as
for the single-particle spectrum. The damping is due to a com-
bination of Stoner damping by electron-hole excitations (present
but underestimated in RPA), finite electronic lifetimes, and vertex
corrections (both correlation effects beyond RPA). The DMFT
susceptibility, however, can describe all of these effects since it
satisfies the Ward identities. The resulting damping of slow
modes by electronic excitations is strongly momentum-
dependent.

Current state-of-the-art calculations of the damping of slow
modes in the spin dynamics are restricted to static mean-field
approximations’-28, For this level of theory, the torque-torque
correlator approach3* is applicable for damping of spatially uni-
form spin excitations, i.e., at small momenta (|q| = 0). However,
in several canonical systems like Fe and Ni, many-body correla-
tions beyond static mean-field are important®3>30, and they
drastically influence the Gilbert damping?8. To account for these
effects, ad hoc quasi-particle lifetimes have been introduced in the
calculation of the mean-field torque-torque correlator?8-3437,
Formally this is equivalent to a calculation using the RPA where
only the bubble susceptibility is independently modified to
account for many-body effects on the single-particle level.
However, this completely neglects vertex corrections on the two-
particle level, which are a priori just as important, and breaks the
Ward identities. It also does not take into account the splitting of
the minority electron spectral function. These facts hinder
quantitative calculations of the contribution of electronic pro-
cesses to the Gilbert damping when electronic correlations are
important.

For correlated metals like Fe and Ni, the quantitative calcula-
tion of Gilbert damping due to electron-electron scattering
requires a consistent treatment of single-particle and two-particle
correlation effects. In fact, a perfect cancellation of the two effects
occurs in the long-wavelength limit as a consequence of the Ward
identities. Hence, we conjecture that DMFT, which satisfies the
Ward identity, is able to describe Gilbert damping due to
electron—-electron scattering accurately. A full account of Gilbert
damping needs to take into account spin-orbit coupling as well
since it is the dominant mechanism at long wavelengths and
survives in the limit q — 0. Spin-orbit coupling can be taken into
account in DMFT, so a generalization of the current set-up to
multiorbital systems is able to incorporate this mechanism.

Methods

DMFT calculations. The numerical calculations in this work are
based on the toolbox for research on interacting quantum systems
(TRIQS)*® and the two-particle response function toolbox
(TPRF)*°. The DMFT self-consistency cycle was performed using
continuous time hybridization expansion quantum Monte
Carlo**-43 as implemented in TRIQS*%, while the two-particle
correlation functions of the impurity model were calculated with
worm sampling?>#® using the Wien/Wiirzburg strong coupling
solver (W2Dynamics)#7. Worm sampling is needed to get access to
the full orbital structure of the correlation functions. Based on these
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Fig. 6 Exact long-wavelength limit. Matsubara axis susceptibility

x(wm,, q=0) for several values of the Hubbard interaction U. The symbols
show the calculated dynamical mean-field theory (DMFT) susceptibility,
the lines are the exact result of Eq. (2). Both ¥ and x> are shown.

ingredients, we calculate the DMFT lattice susceptibility!848-53,
using an efficient implementation®* of the Bethe-Salpeter equation
to improve the frequency convergence. This implementation cor-
responds to the dual boson version of the DMFT susceptibility!>>>,
generalized to systems with inequivalent orbitals, and is called the
dual Bethe-Salpeter equation (DBSE). This formalism uses the
impurity susceptibility y™P(w,,), which in principle can be sampled
in the worm CTHYRB, but that turned out to be difficult to measure
with sufficient accuracy due to ergodicity problems, especially at
low frequency. Fortunately, x(w,,, 0) is known exactly (see below).
Figure 6 shows the mismatch between the calculated and analytical
susceptibility due to the uncertainty in x™P. We introduce a
momentum-independent correction, prre“ed(w, qQ =yx(w,q +
Xa“alYﬁcal(a), 0) — x(w, 0) to enforce the exact result at q=0. This
procedure is similar in spirit to the correction applied by Niyazi
et al.24, although yenalytical g different in this case.

A momentum discretization of 16 x 16 is used for the DMFT
and DMFT-DBSE calculations, which is sufficient for the chosen
parameter regime. The single-particle spectral function A%(E, k) is
plotted on a denser momentum grid for visual purposes, this
momentum-grid conversion is possible since X is local in DMFT.

We note that the calculations presented here take place above
T, so DMFT’s problems with low-temperature spurious
ordering®® (at B=0) are not an issue. We checked that the
leading eigenvalues of the DBSE are below unity to ensure that no
ordering phase transition takes place.

The final part of the calculation is the maximum entropy
(MaxEnt) analytical continuation®” of the susceptibility
yeorrected(y q) and the single-particle Green’s function from
Matsubara to real frequency. For this, we use the Python package
for analytic continuation (ana_cont)>8. Analytical continuation
from Matsubara to real frequency data is an intrinsically hard
computational problem, and many methods to perform the
continuation have been discussed in the literature, also for
susceptibilities (i.e, bosonic functions)®*-6l. The result of an
analytical continuation is, in some sense, only the most probable
result consistent with the Matsubara data. Here, we have
performed MaxEnt continuation with automatic tuning of the
hyperparameter, as implemented in ana_cont. A constant noise
amplitude of 1073 is assumed for the susceptibility (10~2 for the
spectral function), and results were checked to be qualitatively
stable under variation of this parameter. A flat default model was
assumed.
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It is useful to discuss which features in our analytically continued
spectra can be relied upon and which properties are more
uncertain. Analytical continuation is especially difficult when the
Matsubara data is subject to statistical noise, as in our DMFT
calculations. Here, we have the advantage that we know the
analytical form at q =0, and we have used this to remove the
dominant Monte Carlo uncertainty (see above). Thereby, we
recover the expected sharp Larmor peak at q = 0. We also observe
the correct number of spin excitation branches based on the single-
particle spectra. The continuation at different momenta is
performed independently, and the lack of discontinuities is a good
sign for the quality of the continuation. On the other hand, the
continuation is likely to blur sharp structures within a region of
finite spectral weight, making it hard to identify possible splitting
within the collective modes®? that has been discussed for charge
fluctuations in the Hubbard model. Analytical continuation is
known to be more reliable at low energies than at high energies.
This makes the extraction of a(q) relatively safe. On the other hand,
in Fig. 4b at y = — 1, very diffuse high-energy weight is observed in
AY(E, k) and no spectral weight is observed in Imy(w, q) in Fig. 4d.
Given the limitations of analytical continuation, it is hard to rule
out that the true Imy(w, q) at these parameters has a small amount
of high-energy spectral weight.

RPA calculations. We have also calculated the susceptibility in
the RPA. This takes into account the Hartree renormalization of
the band structure and the corresponding static, unrenormalized
vertex only, making it inapplicable in the strongly correlated
regime. It has the advantage that exact, high-resolution simula-
tions can be done easily, so it is valuable as a reference. DMFT, on
the other hand, includes local dynamical correlations, including
finite electronic lifetime effects and a local dynamical vertex, so it
can describe the strong correlations that we are interested in here.
DMFT simulations are computationally more expensive and
require analytical continuation (see above), substantially limiting
the attainable energy resolution. We note that both the RPA and
DMEFT susceptibilities satisfy the Ward identities, which guar-
antees exact relations at long wavelengths, where Larmor pre-
cession takes place. Supplementary Note 1 contains a study of the
homogeneous electron gas using RPA, which clearly illustrates the
physical content of the approximation.

Larmor precession. General properties of many-body Larmor
precession in the presence of a Zeeman field have been studied in
several works, see, e.g., Refs. 111222 Here, we provide the
necessary derivations in a form that closely matches the DMFT
results presented in this work.

For a lattice model, Larmor precession in the presence of a
Zeeman field occurs for the total magnetization S, =3 S,
where S, is the spin on site a and the sum runs over the entire
lattice. We consider a Hamiltonian H = H, — BS’;, where Hy is
the SU(2) symmetric Hamiltonian without the field; we have
incorporated the g-factor into the definition of B, and /# = 1. The
Heisenberg equation of motion for the total magnetization (S;) is
identical to that of a single magnetic moment

253y = (. 831) = -1, 831) = B(31),
(%) =-a(5) W
28y =B,

giving the precession frequency w; = B. Note that the relation
w;, = B for the precession of the total magnetization is completely

independent of the total number of electrons, the lattice structure,
and the Coulomb interaction between the electrons.

In this work, we study many electron systems on a lattice at
finite temperatures, i.e., in a statistical ensemble. For such a
statistical ensemble, (§) =0 at any time by symmetry. The
Larmor precession is visible in the periodicity of the time-
dependent spin correlation function. Since the total spin Sr
processes with the same frequency wy in all the members of the
ensemble, the dynamical total spin-total spin correlation function
has a single sharp, undamped mode at the frequency
w=+w;,==%B.

Since it relates to the total spin, the Larmor mode is visible at
the momentum q =0 of the dynamical, momentum-dependent
susceptibility. We use the general notation y**(w,q) = (AB),, 4 —
8w6q(A) (B) to denote susceptibilities corresponding to different

observables A, B. We use both real frequencies w and Matsubara
frequencies iw,, for the retarded and Matsubara correlation
functions, respectively. In the main text, A=B=_5% and the
superscript is dropped for clarity. We also note that y is
sometimes defined with an overall minus sign, e.g., Giuliani and
Vignalel® or Krien et al.?2!, which requires some care when
comparing formulas with the literature.

The exact form of the dynamical spin susceptibility at q=10
is22

. _ B(S,)
F5 0,0) = @
¥ (w,0) = — 71;(20&%32 . (3)

The location of the two poles in the complex w plane is known
from the equation of motion, and their residue will be derived
below using formulas for the large-frequency asymptotics. Both
expressions are exact since they are derived from the equation of
motion without approximation. They depend explicitly on B and
implicitly on all other system parameters via (§°), which only
determine the overall magnitude. Note that there is no
discontinuous 8, contribution!®®3 to y*'S, since $* is not a
conserved quantity in the presence of a Zeeman field. For q #0,
the equation of motion generates additional terms [H,, 5], which
leads to a dispersion relation wy(q) that is sensitive to details of
the system!l,

Larmor precession: magnitude of susceptibility. The frequency
structure of the Larmor precession follows directly from the
equation of motion. Here, we derive the magnitude of the sus-
ceptibility in the Matsubara formalism. The susceptibility is
known to decay algebraically at large Matsubara frequencies, and
the prefactors of this asymptotic decay are given by commutation
relations?1%4, For a general susceptibility y4%, the leading
asymptotic Matsubara decay (first moment) is determined by the
commutator [A, B, ie., iw,x*8(iw,) — ([A,B]) for |w,|— .
The relevant case for us is [S¥, &] = iS?,

(8%) [y, 4)

1 Giw,,,0) "=
For 5" and y*%, where A = B, this commutator vanishes, and
the next term in the asymptotic expansion is
(iw,,)*x*E(iw,) — —([[A, H], B]]). Since H appears linearly, the
high-frequency tail coefficient can be decomposed into con-
tributions from the interaction, the dispersion, and the Zeeman
field. In the present case, the interaction does not contribute,
while the dispersion leads to a coefficient related to 02¢;/0k? and
is the same for % and y*S". This term is q-dependent with a
vanishing value at q = 0. Finally, the Zeeman field is not relevant
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for ¥ but is relevant for %S, where it creates a local term
(independent of q). Since this is the only contribution at q =0,
using [[S*, — BS?], §*] = iB[Y, §*] = BS?, we get

|w,,| =00

(iw,) x> (i0,,, 0) "=

Higher-order moments of the susceptibility are obtained by
inserting additional commutators with the Hamiltonian, i.e.,

[[IS*, H], H], $*] = B[[[S", §°], §°]. §*] = 0 (6)

—B(S?). (5)

[[[IS*, H], H], H], §*] = =B°[[[[S", '], §°], ], "]

—B(—i)[[[¥, 5], 5], §]

=-B [[Sxa Sz]7 Sx] (7)
= —B(-)[¥, 5]
= B’S.

Since the only non-commuting part of the Hamiltonian is — BS?,
every additional commutator leads to a switch between $* and &’
and a factor + i or — i. Thus, for x*%', only the odd commutators
survive, and the moment expansion is

B(§%) X
B (iw,,)* M=o (iw,, )M
B(§%)
 (iw, ) — B

By analytical continuation iw,, — w, this completes the proof of
Eq. (2).

Note that the magnitudes of y*'S" and y*% are linked, since the
corresponding observables are governed by the coupled differ-
ential equations in Eq. (1). Using 28* =8t + 8§, 2i¥ =8t — S,
Eq. (2) implies that y~(w,0) and xy™(w,0) each has a single
simple pole, at w =+ wy. =+ B and w=— wy = — B, respec-
tively. These two susceptibilities are related by time-reversal
symmetry and B —B. The commutation relation
[ST, S™] =28 constrains the instantaneous two-particle correla-
tion functions (that is, the integral over w of Eq. (2)) in terms of
the one-particle expectation value (S°), and gives a simple
explanation for the appearance of (§%) on the right-hand side of
Eq. (2).

BZM

¥ (iw,,0) =
(8)

Larmor precession: limits. It is useful to verify Eq. (2) in several
relevant limits; see also the discussion in refs. 2224, The limit
w— 0 of a dynamic susceptibility is the linear response to an
applied field. Here, starting with Be, and applying a small field
0B e, does not change the magnitude of the field to linear order in
0B, but it changes its orientation to Be, + 0Be,, again, keeping
terms to linear order in 6B only. The magnetization will follow

this orientation, so §(S*) = %B (§¥). In other words,
485 = 81 = ¥¥5(0,0), consistent with Eq. (2).
If we now take the limit B—0, we recover

x55(0,0) = 431 = 5°5(0,0), as expected since the Hamiltonian
is SU(2) symmetric in this limit, and we are considering a
paramagnetic state. Furthermore, the poles in y*S" move toward
the real axis and at B=0, y*%(w,0) ¢ 8, as usual for a
conserved quantity.

Hartree and RPA. The susceptibility in the non-interacting
model is given by the Lindhard bubble; for the spin-flip channel,
it is

| t

n —n
B (w,q =y 9k

—Y )
kw-— Elt+q + EII

At q =0, the denominator simplifies to E¥ — E! = B independent
of k, so the momentum sum can be performed to give
%o (w,q = 0) = —2(5°)/(w — B). By symmetry, yi~ (w,q = 0) =
+2(8%)/(w — B), giving the expected result

P S z

LS5 X tXo B

Yoo (0q=0)=""—""=0"—7, (10)
o—+ ot— . "z

LSS oKX — X —iw(S)

Xo (w,q=0) = 1 TP (11)

The effect of the Hubbard interaction at weak coupling can be
studied within the Hartree approximation, which is exact to linear
order in the interaction (the Fock self-energy is zero in the
Hubbard model). The Hartree self-energy states that the electrons
feel an effective additional on-site potential given by the density
of the opposite spin, X, = U<n70>. The corresponding enhance-
ment of the band splitting is AB™ = 2U(S?), leading to a larger
magnetization. This is  essentially just the  Stoner
mechanism”:1625, Note that this system of equations has to be
solved self-consistently.

The RPA provides us with the dynamical susceptibilities
associated with the Hartree single-particle energies. Due to the
enhanced band splitting, 7, ™ has its pole at w = B + 2U(S%)>w;.
The RPA susceptibility, written in a tensor formalism, is
calculated from the Lindhard bubble via the Bethe-Salpeter
equation y(w,q) = },(w,q) + },(w, q) * U * {(w,q), where o is
the Lindhard bubble. Importantly, the RPA also does not couple
different momenta, so the analysis only requires the Lindhard
bubble at q=0. The y~+ channel does not couple to other
channels, and the Hubbard interaction enhances the magnetic
susceptibility (Stoner enhancement).

The solution of the Bethe—Salpeter equation is

§(w,@) = (0. @)% [1 - Uyw.q)]
—2(§%)

~ R Xt
i-0 —0b1-v— 0
Yol@.q=0= ©— (B+2U(5))

_w—B—2U(S) +2U(S5) (12)
o w— B —2U(S)
_ w—B
T w—B—2U(§)’
~ —2(S°) w—B—2U(§) —2(5)
X+(w’q:0):w—B—2U<SZ>X w—B  w—B
(13)

The final result for } indeed has a simple pole at the correct
frequency w; =B and with the appropriate residue required by
the equation of motion. The correct result arises from a
cancellation between single-particle renormalization and vertex
corrections. This cancellation holds more generally, as
shown below.

Ward identity and Larmor frequency. In general, the
Bethe-Salpeter equation is a matrix equation in fermionic fre-
quency and momentum space. In the RPA, the frequency
dependence is trivial: the vertex is frequency-independent, and
the electronic propagators have the form of non-interacting
electrons in the effective Hartree potential. In that case, the fre-
quency sums can be performed analytically to give the Lindhard
bubble. In DMFT, both the bubble }, and the vertex I are
matrices in fermionic frequency space, and analytical treatment of
the susceptibility is generically hard. However, it is known that
DMEFT satisfies the Ward identities, and this is sufficient to derive
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q =0 properties of the susceptibility!®2!, including the Larmor
frequency?2,

The Ward identities express the relation between one-particle
and two-particle correlation functions that have to be satisfied
according to the Heisenberg equation of motion. Here, we follow
the derivation given in Appendix A of Krien et al.2!, which can be
generalized to systems with a Zeeman field by putting spin labels
on the Green’s function and dispersion in Eq. (A6) of Krien
et al.2!, and by noting that their X corresponds to our —y. Below,
v and w are Matsubara frequencies. Note that the Zeeman field
acts as a single-particle term, so [p, H,] still vanishes for the
relevant susceptibility. Thus, the resulting Ward identity is

| o o=+ ! 1t .
G1/+w4k+q - Gu,k - k'Xl:/ Xm/w,kk/q |:€k/+q — &~ 1wi| : (14)

We get our desired result for the Larmor frequency by setting
q=0 and summing over k and v. On the left-hand side, the
momentum and frequency sums generate expectation values, i.e.,

Zk,,GlI’V = (n;), while on the right-hand side ei, +q 611, =B.
Altogether,
<n¢> — <”T> = —x T(iw,0)x [B — iw] (15)
iy 2(s%)
T(iw,0) = — 16
X Hw, 0) = - = (16)

Thus, any approximation that satisfies the Ward identities has the
correct Larmor frequency. This includes both RPA and DMFT.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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