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In 1915, Einstein and de Haas and Barnett demonstrated that changing the magnetization of a magnetic
material results in mechanical rotation and vice versa. At the microscopic level, this effect governs the transfer
between electron spin and orbital angular momentum, and lattice degrees of freedom, understanding which
is key for molecular magnets, nano-magneto-mechanics, spintronics, and ultrafast magnetism. Until now, the
timescales of electron-to-lattice angular momentum transfer remain unclear, since modeling this process on a
microscopic level requires the addition of an infinite amount of quantum angular momenta. We show that this
problem can be solved by reformulating it in terms of the recently discovered angulon quasiparticles, which
results in a rotationally invariant quantum many-body theory. In particular, we demonstrate that nonperturbative
effects take place even if the electron-phonon coupling is weak and give rise to angular momentum transfer on

femtosecond timescales.
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I. INTRODUCTION

The concept of angular momentum is ubiquitous across
physics, whether one deals with nuclear collisions, chemical
reactions, or formation of galaxies. In the microscopic world,
quantum rotations are described by noncommuting opera-
tors. This makes the angular momentum theory extremely
involved, even for systems consisting of only a few interacting
particles, such as electrons filling an atomic shell or protons
and neutrons composing a nucleus [1]. In condensed matter
systems, exchange of angular momentum between electrons’
spins and a crystal lattice governs the Einstein—de Haas [2]
and Barnett [3] effects. These effects play a key role in
magnetoelasticity [4], in the physics of molecular and atomic
magnets [5-8], nano-magneto-mechanical systems [9-13],
spintronics [14—16], and ultrafast magnetism [17-20].

If approached from first principles, describing angular
momentum transfer in condensed-matter systems represents
a seemingly intractable problem, since it involves couplings
between an essentially infinite number of angular momenta of
all the electrons and nuclei in a solid. As a result, although
several models of spin-lattice coupling have been developed
[21-29], they either solve the problem only partially (i.e., by
ignoring the orbital dynamics of electrons) or do not account
for the overall rotational invariance of the microscopic Hamil-
tonian. Moreover, while nonperturbative effects of electron-
phonon coupling have been shown to play an important role
in solid-state systems, most notably in the theory of polarons
[30] and in the microscopic theory of BCS superconductivity
[31], none of the existing theories of angular momentum
transfer have been applied beyond the perturbative regime. As
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a result, over 100 years after their discovery, a fully quantum
mechanical microscopic description of the Einstein—de Haas
and Barnett effects remains elusive. In particular, due to these
limitations existing theories cannot describe how fast angular
momentum can be transferred between electronic and lattice
degrees of freedom.

Here, we introduce a conceptually novel approach to an-
gular momentum transfer in solids, which relies on casting
both electron and lattice degrees of freedom, and—most
importantly—the coupling between the two, directly in the
angular momentum basis. This results in a fully rotationally
invariant quantum many-body theory that treats both electron
spin and orbital angular momenta as well as phonon angular
momentum on an equal footing. Remarkably, despite the
fact that this problem involves coupling between an infinite
number of angular momenta, it can be solved in closed form
in terms of the angulon quasiparticle, a concept that was
recently discovered in molecular physics [32]. In the solid-
state context, the angulon represents a many-electron atom
dressed by a cloud of lattice excitations carrying angular
momentum, see Fig. 1. This quasiparticle approach not only
captures perturbative effects such as the renormalization and
broadening of well-known low-frequency properties but also
makes it straightforward to take nonperturbative effects into
account.

We emphasize that taking a phonon-dressed many-electron
atom as a building block represents a key step beyond con-
ventional theories of electron-phonon coupling. Such theories
usually account for phonons on top of an electronic Hamilto-
nian involving nonlocal interactions (electron hopping, static
crystal fields), which were recently argued to dominate the ul-
trafast angular momentum dynamics in electron-only theories
since they break rotational symmetry [33,34]. However, by
construction, electron-only theories fail to describe how and
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FIG. 1. Angulon quasiparticle in solid-state systems. A localized
magnetic impurity exchanging angular momentum with lattice exci-
tations can be described as the angulon quasiparticle, characterized
by total (electrons+phonons) angular momentum.

how fast angular momentum is transferred from electronic to
lattice degrees of freedom. Moreover, even when accounting
for such nonlocal interactions, rotational invariance of the
system as a whole should still be conserved.

In this paper, as the first application of our formalism,
we focus on the local angular momentum transfer between
electrons and phonons, which is of key importance to reveal
the shortest possible timescale of the Finstein—de Haas effect
[18,20] and for which the angulon building block alone is
sufficient. If required, electron hopping and crystal fields can
be introduced on top of such a building block. This, however,
should not alter the qualitative behavior of the electron-
phonon system described in this paper. Interestingly, already
at this level, we predict qualitatively novel nonperturbative
effects taking place even if the electron-lattice coupling is
weak. These features arise at high energies and therefore en-
able transfer between electron spins and phonons at ultrashort
timescales.

II. THE MICROSCOPIC MODEL

To illustrate our approach we consider a microscopic
Hamiltonian, H = H + H + Hep, where H accounts for the
electronic degrees of freedom, H describes the phonons, and
I:Iep captures the electron-phonon coupling. For concreteness,
as H. we take the multiorbital (in this case, three-orbital)
Hubbard-Kanamori Hamiltonian describing localized para-
magnetic atoms [35] with an additional spin-orbit coupling
term. We explicitly consider the limit where the electronic
degrees of freedom are completely localized on the atom and
describe the atomic Hamiltonian as

.. o Jigs A

H. = Hy — 2JuS —?L +&L-S. 1)
Here Ay = N(N — 1)(U — 3Jy)/2 + 5J4N /2, where N is the
total electron number operator, U and Jy parametrize the
direct and exchange Coulomb interactions, respectively, and
£ gives the spin-orbit coupling strength. L. and S are many-
electron operators for the orbital and spin angular momentum,
respectively, and we use /i = 1 such that the parameters U, Jy,
and £ have the dimension of energy. In an isolated atom, an-
gular momentum J = L. + § is conserved and A, is diagonal
in the many-electron states, |I') = |[NLSJMj) [36,37], where
M; is the projection of J onto the laboratory-frame z axis.

For the sake of simplicity, we describe the lattice degrees of
freedom by considering an isotropic elastic solid whose exci-
tations are acoustic phonons as described by the Hamiltonian

Ay =" o bl biops. @)
ks

with a linear dispersion, wys = csk, ¢y being the speed of
sound, s the polarization index, and k = |k|. In Eq. (2) we
have used the angular momentum representation for the cre-
ation and annihilation operators, ZJ,TW” and IA)kM”, where A
and p give the phonon angular momentum and its projection
onto the z axis, respectively [38]. The boson operators in the
{k, A, u} basis are connected to the operators in the Cartesian
representation, bkY and bks, with k = {k,, k,, k.}, as follows:

Z\) (271,)3/2

D b (0, 3)

Ap

In this angular momentum representation, each phonon carries
angular momentum A with projection p and I:Ip is diagonal
in the basis |[kAus). The total angular momentum of phonons
with a given polarization is then defined by summing all
excited phonons according to their occupations. For the three
different components of the total phonon angular momentum
we get the following expression:

= Y bl bis, )

k!

where ¢* is the vector of matrices fulfilling the angular
momentum algebra in the representation of angular momen-
tum A =0,1,2... [39]. Hence, the total phonon angular
momentum defined in this way is composed of nonspheri-
cal excitations of the elastic solid (e.g., p,d, f waves for
A =1,2,3).

The next step is to formulate the electron-phonon coupling,
I:Iep, in a rotationally invariant way. Here we outline the
main steps of this derivation and provide further details in
Appendix A. Our starting point is the general Hamiltonian
describing density-density interactions between electrons and
ions of the lattice,

Hey = / dx / dr VIx)d )V x, n)¥x)d(r), ()

where W(x) and &(r) are field operators for electrons and
nuclei, respectively. Microscopically, the two-body interac-
tion, V(x, r), stems from the Coulomb interaction between
electrons and nuclei, which is obviously rotationally invariant,
V(x,r) =V (|x — r|). Hence, rotational invariance is implied
and the task is to describe excitations between different an-
gular momentum states of electrons and phonons due to such
an isotropic interaction. For this purpose we first expand the
interaction in spherical harmonics, Y;,,(€2):

Vx,r)= Z Vi(x, )Y, ()Y (82,). (©)

Im

Second, eonsidering electrons localized around the nuclei, we
expand Ui(x) = 3 j w; (x —r;) and construct the local field
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operators @j (x) from a complete set of atomic orbitals:

> Py

A, o

v (x) = QX e .- @)

Here x| is a Pauli spinor and 6Lw is the electron creation
operator. The indices v, A, i, o are the principal and orbital
angular momentum quantum numbers and the projections of
orbital and spin quantum numbers, respectively. Finally, we
introduce phonons by expanding V (x, r) in small displace-
ments and subsequent transformation to the spherical phonon
basis. In the resulting Hamiltonian integration over electronic
and nuclear angles can be performed analytically. Here we
present the result for the case in which (phonon-mediated)
hopping between different atoms in the lattice is neglected:

A, = 3 Y U3+ (=D

i kAp
A g 1 \HAMM ~F
x [ A5, Do+ (=1) Ax—u.xwzbkm]

x Y NWid, KX INLMSZ, NL'M'SE). (8)

NSE
LL'MM’

It is important to note that, first, only terms with k - e;(k) 7~ 0
(with eg(K) the polarization vector) survive, as follows from
the expansion of V(x,r) to first order in nuclear displace-
ments. This implies that only longitudinal phonons contribute
in the case of an isotropic elastic solid. Second, in Eq. (8)
we introduced the X operators [37] (or Hubbard operators
[40]), X(I, T") = |T)(I"’|, that describe the transitions be-
tween many-electron states due to the terms éj{] o Chipao-

111
Here AW hatts

excitations due to phonons (see Appendix A) and W/V;ﬁl/,sm "
determines the allowed transitions between many-electron
terms with different orbital angular momenta, LM # L'M’.
In contrast, S¥ = §'%’, since the electron-phonon coupling
does not depend on spin S and its projection X'. We empha-
size that WyihS s based upon the exact solution of the
many-electron problem, which takes into account all allowed
electronic transitions with N and N £ 1 electrons. The cou-
pling strength is determined by U, (k) that originates from
the radial integrals. Explicit formulas for U, (k) and W are
given in Appendix A. Third, we stress that although we started
from a spherically symmetric Coulomb interaction, the charge
distribution of the atomic orbitals is not spherically symmet-
ric. As a result, the coupling between different nonspherical
electron distributions induced by phonons leads to angular
momentum transfer. Indeed, when including only s orbitals
no transfer takes place, so one needs to have asymmetric p,
d, or f orbitals. At the same time, rotational invariance is pre-
served, i.e., simultaneous rotation of both electron and phonon
subsystems leaves Hégc unchanged. The full Hamiltonian,
A = H,. + H, + HY*, is rotationally invariant and is therefore
diagonal in the basis of a given total angular momentum,
[JMy).

In addition, it exhibits striking similarities with the one
used to describe molecules rotating in superfluids, which
were recently found to form so-called angulon quasiparticles
[32,39,41]. Instead of mechanical rotation of a molecule, here

captures the selection rules for single-electron

we deal with orbital angular momentum of electrons. Lattice
phonons, on the other hand, play the role of superfluid exci-
tations. The anisotropic molecule-helium interaction, in turn,
is replaced with the rotationally invariant electron-phonon
coupling, Eq. (8), derived here from microscopic principles.
Inspired by this analogy, in what follows we make use of the
angulon concept in order to understand angular momentum
transfer in solid-state systems.

The key advantage of casting the problem in terms of
angulons is that it allows for a drastic simplification. The
latter, in turn, enables studying nonperturbative effects based
on a transparent variational ansatz. By analogy with the
molecular angulon, we construct an ansatz featuring all pos-
sible single-phonon excitations allowed by angular momen-
tum conservation in the subspace of a given number of
electrons, N:

Zy ILSTM;)|0)

+Zﬂ,ﬂMJZCZﬁ5’sz L bl 10)imSE). (9)

[om
Im

[vam,) =

A similar ansatz has been previously shown to provide a good
approximation to the energies of polarons [42] and angulons
[43], even far beyond the weak- coupling regime considered in
this paper. In Eq. (9), Z; ]/ % and ,BWJ are variational parameters
which are determlned by minimizing (Yym,|H — E|yym,)-
This yields the equation, E = Ejy, — Zym, (E), from which
the variational ground-state energy E is determined self-
consistently. Here Eyy, is the energy of the many-electron
state without phonons and Xy, (E) plays the role of a self-
energy describing the effect of electron-phonon interactions:

Ui (k)* 03,
Sam,(E) = E Mg o (10)
kBl Wi

where Q;; are matrix elements that determine the allowed
transitions to electronically excited states, EAJIMJ, due to
phonons with angular momentum A, which are given in an ex-
plicit form in Appendix B. Nonperturbative effects described
below originate from the energy E in the denominator of
Ym,(E). These effects do not take place in conventional
second-order perturbation theory, which is recovered by re-
placing Xym,(E) — Zym, (Egm,)-

Moreover, the quasiparticle approach enables the study of
angular momentum transfer in response to a time-dependent
magnetic field, as described by the Zeeman term:

H,(t) = upB(t) - (gL + gsS). (11)

In this case, we search for a solution based on the time-
dependent variational principle [44,45]. Following Ref. [46],
we write |W(¢)) = e~ & ZMJ [¥am, (1)). Next, for each M, we
use the variational ansatz (9) with time-dependent parameters,

1/ 2 (t) and ,BILJANIIJ (t), which are determined by minimizing
(\Il(t)|18, H — H;(t)|W(¢)). Crucially, this variational ap-
proach also gives rise to nonperturbative effects in the dynam-
ical response. That is, in addition to the perturbative effects
that give rise to phonon dressing of states with different M,
qualitatively new features appear.
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Within the quasiparticle picture this can be understood
as follows. Due to the static phonon dressing, an external
field can trigger virtual transitions to atomic states with J' #
J, where J is the ground-state angular momentum of the
isolated atom. Without phonon coupling such excitations are
obviously forbidden due to selection rules. Moreover, in the
presence of electron-phonon coupling, these electronically
excited states can decay by emitting phonons. This can either
lead to (i) emergence of quasibound states of the quasiparticle
itself, where reduced angular momentum of the electrons is
balanced by increased phonon angular momentum, or (ii) give
rise to incoherent scattering of phonons. Both effects are
captured by our theory.

III. STATIC EFFECTS OF PHONON DRESSING

We first illustrate the appearance of nonperturbative con-
tributions in the static case by evaluating the effect of phonon
dressing on different components of angular momentum, I, =
(Vam, |7Z|1//JMJ), where I = L, J, A. In the variational calcula-
tion, the electronic Hamiltonian (1) is controlled by a single
parameter, which we set to £ /Jy = 0.1. Here we focus on the
case with N = 1 electron, for which the configuration of the
bare impurity is given by L = 1, S = J = 1/2. Furthermore,
we consider the state with M; = J, which is the ground state
in the presence of a static magnetic field, By < 0. Figure 2(a)
shows different components of angular momentum as a func-
tion of the dimensionless electron-phonon coupling strength,
it = (u/E)VEn/EL/(2?). Here u denotes the magnitude
of the interaction U, (k), Ey = h*/(2Ma3), with M is the
atomic mass of the nuclei (using E; = (Jy + &)/2 as the unit
of energy and the lattice spacing aq as the unit of length,
see Appendix A 5). In the absence of coupling, (S;) = —1/6
and (L,) = 2/3, such that (J;) = M; = 1/2. While §, remains
unperturbed since erp does not depend on spin, we find a
reduction of orbital angular momentum that is quite distinct
from the conventional picture of orbital angular momen-
tum quenching. Instead of static crystal fields breaking rota-
tional symmetry, here the dynamical crystal field induced by
phonons causes the reduction of (L,) as well as of (J), while
conserving the total angular momentum, My = (J,) + (A.).
The presence of phonon angular momentum also influences
the response to magnetic fields. For quasistatic fields, this is
reflected by the renormalization of the electron g factor, which
we determine from the well-known relation [47]:

8L+ &s g —gs (L2 — §?)
) 2

8 (12)
Evaluating the second term with the variational wave func-
tions gives the result shown in Fig. 2(b). In the perturbative
regime (inset) this yields a quadratic dependence on &z which
can be understood as the phononic analog of the Lamb shift
[41], where virtual phonon excitations play the role of the
photon excitations of quantum electrodynamics, thereby caus-
ing angular-momentum-dependent dressing of the electronic
states. For larger coupling strengths, g, features a linear
dependence until signatures of saturation are observed at inter-
mediate coupling, iz ~ 0.4, where the single-phonon ansatz of
Eq. (9) becomes less reliable. Within the quasiparticle picture,
the observed enhancement of the g factor is analogous to the
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FIG. 2. Static effects of phonon dressing. (a) Quenching of or-
bital angular momentum by phonons. Different components of an-
gular momentum as a function of the dimensionless electron-phonon
coupling strength 1. Due to the coupling, electronic orbital angular
momentum is reduced and phonon angular momentum emerges,
while the total angular momentum, J, =J, + A,, is conserved.
(b) Renormalization of the electron g factor as a function of the
dimensionless electron-phonon coupling strength. In the perturbative
regime (inset) the dependence on the coupling strength is quadratic,
which can be understood as phononic Lamb shift [41].

enhancement of the moment of inertia due to the formation
of molecular angulons [32,41] and to the increased electron
effective mass in the polaron problem.

IV. DYNAMIC EFFECTS OF PHONON DRESSING

Next we reveal the importance of nonperturbative ef-
fects in the dynamical response, by computing the linear
response to an additional time-dependent magnetic field,
B(t) = (Be '+ 4 B*e”*#) /2, |B| < By. By determining
the time-dependent changes of the variational parameters to
linear order in B(¢) and by using the general relation,

SL(1) = % Z [(xf_f)(w)B_ie_i“"J“Et + ozg)(—w)Bjei“’”’”],
J
where 8I;(t) = (I;(t)) — (I)o, i=x,y,z, we can derive
closed-form expressions for the magnetic susceptibilities,
Ot,-(j{)(a)), see Appendix C. In Fig. 3 we plot —wIma!(w),, as
a function of w (in units of Ey), for the configuration N = 5,
L=1,S=J=1/2,M; = —1/2, with electronic parameters
&/Ju =0.1, ugBy/Ju = 0.02, and various coupling strength
ii. For the smallest value of i = 1073, the spectrum consists
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FIG. 3. Dynamical effects of phonon dressing. (a) Magnetic sus-
ceptibility for various electron-phonon coupling strengths, i. Besides
the low-frequency electron spin resonance (ESR) peak, a broad
second spectral feature due to phonon dressing is observed. By
increasing i gradually, a second sharp quasiparticle peak appears due
to nonperturbative effects. (b) Zoom-in in the vicinity of the ESR
peak, demonstrating that phonon dressing causes a slight shift of the
ESR peak to lower frequencies. (c) Zoom-in in the vicinity of the
sharp quasiparticle peak at it = 102, Exactly at the peak, the phonon
susceptibility dips due to angular momentum transfer.

of a sharp peak close to the electron spin resonance (ESR) of
a free atom. Furthermore, an additional broad spectral feature
appears at higher energies, which is associated with incoher-
ent phonon scattering. At low (high) frequencies, the response
for L, —S, J, and A have the same (opposite) sign, where the
minus sign in S comes from the fact that in the ground state
S is antiparallel to both L and J. Figure 3(b) shows that the
ESR peak width for A is much narrower than that for J and
increases only slightly with increasing the electron-phonon
coupling strength. Hence, at these frequencies the phonons
are damped much weaker than the electron spin and orbital
angular momentum. This is consistent with the interpretation
that the broadening of the ESR peak for J is due to the dressing
with phonons in either ground or excited states, while for A
the decay is only possible when the dressing of distinct M
levels is different. The red arrow shows the position of the
ESR peak of the free atom. We note that phonon dressing
causes a shift of the ESR peak to lower frequencies, which
corresponds to a reduction of the effective g factor, in contrast
to what is observed for the static g factor in Fig. 2. The static
and dynamical g factors are indeed two different quantities.
While both can be derived from the magnetic susceptibility,
the static g; ~ o, (w = 0), while the ESR peak follows from
the pole of o, (w) at w # 0. Similar differences between static
and dynamical electron g factors occur in the Fermi-liquid
theory [48].

In addition to a shift of the ESR peak, Fig. 3(a) shows that
upon increasing the electron-phonon coupling strength the
incoherent part moves towards higher frequencies. Moreover,
a second sharp peak gradually emerges in between the ESR
peak and the incoherent part, which is shown in Fig. 3(c)
for it = 1072, Both high-frequency responses have opposite
sign for phonon and electron angular momentum, demonstrat-
ing that magnetic fields at these frequencies induce transfer
of angular momentum from electronic to lattice degrees of
freedom. The second sharp peak can be identified as an
additional quasiparticle peak, i.e., a metastable excited state
of the atom dressed by additional phonons carrying angular
momentum. This is reminiscent of the effect observed in
conventional polaron physics. It is known as the ‘relaxed
excited state’ in the Frolich model [49] and as the ‘excited
phonon-polaron bound state’ in the Holstein model [50,51],
which arise at intermediate and strong coupling. Interestingly,
in the present case this nonperturbative effect emerges already
at weak coupling, # < 1. The reason is that in our model the
electron couples to low-energy acoustic phonons with a linear
dispersion w = ck, rather than to gapped optical phonons.

The presence of additional peaks is rooted in the poles
of the susceptibility, which involves additional self-consistent
solutions, E’, to the equation E' = Eyy, — Zym,(E’), where
E' > E, E being the ground-state energy. Due to the
Kramers-Kronig relations, additional sharp peaks can only
occur for frequencies w > E, — E, where E, is defined by
Max[Im X v,(E")], since in this range —Re[Xm,(E")] is a
decreasing function. Hence, there is a threshold value, i, ~
0.0033 for the parameters used, below which no additional
metastable states can occur. Above the threshold, & > @,, we
find an approximately linear dependence of the position of the
metastable state on the coupling strength. Such a behavior is
governed by the linear dependence of the ground-state energy
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on i in this regime. In Appendix C we explicitly confirm
this analysis numerically for various coupling strengths. We
emphasise that the appearance of such additional peaks is
rooted in the general Fano-type shape of Re[Xym,(E)] and
should therefore be qualitatively independent of the particular
approximation used to calculate the self-energy.

Furthermore, we obtained that upon changing the spin-
orbit coupling strength, the width of the peaks changes but
their position is hardly affected. These nonperturbative effects
have important consequences for the dynamics. In particular,
at optical frequencies, coupling of spins with a magnetic field
is usually considered negligible due to the small magnitude
of the magnetic component of an electromagnetic wave com-
pared to its electric component and the absence of magnetic
dipole transitions. Our model, however, reveals that even for
u < Jy, an additional resonance emerges at an energy scale
of w ~ Ju/5 due to nonperturbative electron-phonon interac-
tions. In the presence of such resonances, a magnetic field can
induce transfer of angular momentum between spin and lattice
degrees of freedom at ultrafast, femtosecond timescales.

V. CONCLUSIONS

The results presented here demonstrate that the problem
of describing the quantum dynamics of angular momentum
transfer in condensed matter systems with multiorbital atoms
can be greatly simplified by casting it in terms of the angulon
quasiparticles. This reformulation is achieved by deriving the
electron-phonon interaction in a rotationally invariant form
and using the Hubbard operators to keep track of the total
angular momentum of electrons. We find that the effect of
dressing of electron orbital angular momentum with phonon
angular momentum leads to qualitatively new, nonpertur-
bative high-frequency effects that should be observable in
electron spin resonance experiments at THz and optical fre-
quencies. Promising systems for experimental confirmation
are paramagnetic CoO and FeO systems and nonmagnetic
oxides containing orbitally degenerate impurity atoms, which,
analogously to the model system studied here, contain par-
tially filled degenerate ,, orbitals. While here we focused on
local angular momentum transfer, which is highly relevant
to understanding the fastest possible timescale for angular
momentum transfer, the angulon can be used as a building
block of models taking into account nonlocal transfer terms.
Furthermore, the theory can be extended to include static
crystal fields and magnetic ordering, which would pave the
way to a deeper understanding of lattice dynamics during
ultrafast demagnetization [20,52-54]. This can potentially
resolve the long-lasting debate as to whether the angular
momentum transfer during ultrafast demagnetization is local
or nonlocal and ultimately reveal the fastest possible timescale
of the Finstein—de Haas and Barnett effects.
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APPENDIX A: DERIVATION OF THE
ELECTRON-PHONON COUPLING HAMILTONIAN

In this Appendix we provide details on the derivation of
the rotationally invariant electron-phonon coupling Hamil-
tonian. In particular, we discuss the derivation of the local
electron-phonon Hamiltonian, the integration over electronic
and nuclear positions to derive the allowed terms respecting
rotational invariance, and introduce the Hubbard operators.

1. Local electron-phonon coupling

Starting from Eq. (5), the local electron-phonon coupling is
derived by first expanding UT(x) = ) i l/fj(x —r;). Inserting
an identity for the nuclear density operator, T (r)d(r) =
>°.8(r — r;), and neglecting electron hopping between differ-
ent nuclei, we have

Ay = Z/dx YTV (X, 1) ¥ (x). (AD
ij

2. Integration over electronic coordinates

To exploit rotational invariance of V(x,r) = V(|x —r|), it
is convenient to expand in spherical harmonics:

V(x =) =) Vitr, DY (Q0Ym(2,).  (A2)
Im
Inserting a complete set of atomic orbitals,
UIx) =D pun OV (Qx] el o (A3)

A, o

where v is the principal quantum number, A and p are the
quantum numbers for the orbital angular momentum and
its projection, respectively, and o is the spin projection, we
obtain:

frloc __ N A
Hy, = Z Z Z Cjrapmio Citao

ij,0 gy Azpeo
x / dX Py (Y, (VX Ti7) Py (Vs (22,

(A4)

where we used that V does not depend on spin. The integral in
(A4) involves a radial part and an angular integral over three
spherical harmonics:

| [ axonwoncovicn |

Im
X [/ deY{jm(Qx)Yz*m(Qx)YAZM(QX)]Yzm(Qr,j)

= Guna (i) (“ 1AL Yi(2,).

Im

(AS5)
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Here gy,1,.1(rij) = f dx x? Poa; (X)ova, (X)Vi(x, 7;;) and the integration over spherical coordinates yields [1]:

N QI+DCr+1) , 0
Aln]jf)lzltz = \/ 4w (20 + 1) 10],120 ln;f};»]zltz’ (A6)
where Cll o m. are Clebsch-Gordon coefficients.
2my,l3ms3
3. Integration over nuclear coordinates
For further derivations, we write the I:Iell‘;C in the form
N . 1
1 A~ N A A

Hy =303 8 oCivame 5 D [80ma G Yo Qi) ALK, L+ 81,000(3) Yim(3)) (= DAL ] (A7)

Muyj,o i,lm
Y%

We aim to describe phonons that account for the collective dynamics of the nuclear subsystem at small deviations, u(r;) =
r; — r;, from the equilibrium positions, r;. For convenience, we take the continuum limit for the nuclear coordinates r; and focus
on the coupling to a single atom (j = 0). The dependence on the nuclear coordinates r in Hégc is then conveniently described in
reciprocal space

Fp2 (1) = 8,300 Win() = Y fHR2(K)e™T ~ F172 (r) 4+ u(r) - Ve F2 (). (A8)
k

The term Fl),;; *2(r) is assumed to vanish, since it gives rise to static crystal field terms that are absent in an isotropic elastic
environment. The gradient is calculated from the Fourier series:

. 1 .
V. Fr%(r) = Mgy ik T = — Y i G (k) Y () ik €T, A9
(1) Ekf,m()le VEkl 72 (k) Y (S2) ik e (A9)

where V is the total volume of the system and flﬁ;’\z (k) is evaluated using the inversion formula and expansion of plane waves in
spherical coordinates, from which it follows that

G} (k) = 4n / 12 dr g0 () jitkr), (A10)

where jj(x) is the spherical Bessel function. For an isotropic elastic solid, the displacements are written in terms of phonon
creation and annihilation operators as follows [55]:

1 A
u(r)=u'(r) = - > " @Moys) " es(K)[byse™ ™ + b e * ], (All)
ks

where M is the nuclear mass, n is the number of nuclei, and s = 1, 2, 3 is the polarization index. The polarization vectors, es(k),
are defined by the relations e; (k) = k/k and e; 3(k) - k = O for longitudinal and transverse phonons, respectively. Hence, from
evaluating the scalar product in Eq. (A8) using Eq. (A11) and Eq. (A9), we obtain that only longitudinal phonons contribute. We
drop the label s = 1 below and obtain:

1 1 N R
v / dru(r) - VeF2 ) = = 3 Mg PGy ) ()1 [=Yim( Q0 b + Yin (20 By - (A12)
" 13
Here V, = V/n is the volume of the unit cell and we used f dreé®™ = (27)38(Kk). We are still left with the dependence on angles,
2, which can be removed by transforming to spherical phonon operators using the definition [38]:
N 2m)3? At ow
b = p D bL Y (0. (A13)
A

Using

_ 1 2
Xk: = Vk(zn)3/dkk /ko, (Al14)

we can integrate over angles in k space yielding

1 A N
v / dru(r) - Vo F () = Y Un (k) il=biay (= 1 (= 1)*838,-m + b}, 8318 um]. (A15)

kip
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where ), = [dk and

1
U)f»l}»z(k) — sz(zka)fl/ZGillz(k)_ (A16)
Finally, we obtain:
. At A Ada gy b a3 A £t
A =3"3"N"21  Cirane US R+ (=DM[=ADY b + (—DFAT B (A17)

Mur kap jo
Aaua

The factor of (1 — (—1)*) originates from the assumption of an isotropic elastic solid, which ensures that only even A contributes
to the transfer of angular momentum. Hermicity, I:IelgC = (ﬁgg‘f)*, is easily proved using the symmetry relations for the Clebsch-

. A1 (1 AL
Gordon coefficients, CM’«MM] =(—-1) Ck—u,kluz'

4. Hubbard operators

Since V (x, r) does not depend on spin, phonons only change the total orbital angular momentum L of the electrons. This
is made explicit by transforming from single-electron operators to many-electron X operators [37] (also known as Hubbard
operators [40]), X (I, I'") = |I")(I'’|. For a general operator acting on a single site i we have

Oi =Y (T|0;|T") &, T"), XD, T") = [il) (i (A18)
r.r
Here I' = NLMS X« are the quantum numbers of many-electron states, where N denotes the total number of electrons, L, S

are total orbit and spin quantum numbers with projections M, ¥, and « is the Racah seniority quantum number. For the single-
electron creation operator the matrix element reads [37,56]:

A 1/2 T r
(Cy1ef,0 Tv1) = NY2GLY O o (A19)
where GI¥ = GX5%. s the coefficient of fractional parentage [36], and C, v s expressed through the Clebsch-Gordon
T Tna Ly 1Sn-1 Cy-1,y
coefficients as
r LyM, Sy Z
Crllvvq,]/ = CL]C.]X/IN_],lmCSI:/V,l,E'N,I,sU’ (AZO)
with s = 1/2. Using Eq. (A19) we obtain
At ~ Iy r r I’} T
<FN|CI')»1/1101 Cirppr0 |FN) =N Z Gl"%flcl‘,’i,yfl,)\lmm Gl"%ilcl‘,{,yil,)\zuzaz' (A21)
-
In the electron-phonon coupling only the summation over single-electron operators with the same spin oy = o, enters,
At A _ r r ry AT o ,
Y hpeime =N )G Gt 5 GR CY KTy, Ty, (A22)
o

"
l_‘N—l

which ensures that only states S' = S, X}, = Xy contribute, as follows from summation over both X}, and o and by using the
unitarity relation for the Clebsch-Gordan coefficients. For example, for a three-orbital atom, we have A; = A, and the seniority
quantum number can be omitted. In this case we obtain the following coupling term:

R Z GLvSv_ GhwSN Z CLvMy CcvMy (A23)

My My ppa Ly 1 Syoy LS Ly My hamn Ly (MY hap?
Ly 1Sy My,
yielding
Y e olime = DY NW X(NLyMySy En. NLyMySy Sy) (A24)
ir o Cikipnao MyMy gt NIMNON <N » NENON <N J-
o

NSy Zy LyLi,MyMj,

Note that it follows from the symmetry of the Clebsch-Gordan coefficients that only My, = My — | + i, remains in the
summation.

5. Electron-phonon coupling strength

For numerical calculations we need to evaluate the radial integrals in U, (k) = Uf"\‘ (k) [see Eq. (A16)] for which we use

Gaussian form factors, g, (r) = (27‘1‘33/2

e~ 127 where u; parametrizes the strength of the electron-phonon coupling. Introducing
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dimensionless units, with E;, = (Jg + &)/2 being the unit of energy and the lattice spacing a( being the unit of length, we can
write
73/2

U, (k) = ity — vl A 247 e IO, (kF). (A25)

We use 7, = 1 to characterize the interaction range. The interaction strength is parametrized by iy = i, i1, = 0.5#%. For the
dimensionless electron-phonon coupling strength we obtain & = (u/E;)/Ey/EL/(27?), where Ey = K /2Ma3. For transition
metal atoms M ~ 100 x 10727 kg, ap ~ 2A, E; ~ 0.5 eV, we have Ey /E; ~ 0.1, which ensures that & < 1 even if (u/E;) ~ 1.
For the dimensionless speed of sound we use ¢ = 0.05, consistent with ¢ ~ 3 — 6 x 10> m/s for typical solid-state systems.

APPENDIX B: VARIATIONAL SOLUTION FOR THE STATIC CASE

1. Nonperturbative self-energy

Here we discuss the derivation of the variational solution in more detail, providing explicit expressions for the matrix elements
that enter the final result. For the static case, we deal with the Hamiltonian

B = HE + B 4y + 0 + iy, (B1)

where HZ = /,LBBo(gLLZ + g587%). Owing to the presence of spin-orbit coupling, only I' = LSJM; are good quantum numbers,
where J = L. + S with projection M, and for brevity we omit the label N. In addition, since Hep couples directly only to orbital
momentum L, we choose the variational wave functions as follows:

[Wam,) =Zi; ILSTM)10) + > )~ B Z ClissChats JbL,  JONImS Z) = [yn) + ), (B2)
ki Im

where we used that |[LSIM;) =", ~ CI%’S2|LMSE) 1/ Z and ﬁ,ﬁflw’) are variational parameters to be determined from

minimizing £ = (1/f|f{ [vr)/{¥|¥). This is equivalent to m1n1m1z1ng F= |H —E |¥r) and the following terms enter

WIAS + A5 + Ay + B, + Az ly) = Ew, |25 (B3)
(Wal A + HE + Ay + B, + o) = > (ED™ + 00| [ (B4)
ka

Egw, = Ens + ELL(L + 1) + EJJ(J + 1) + EZM};, (B5)
EJ™N = Ens + ELI(L+ 1) + EjPy + Egmi,. (B6)
Here E;, = —Jy — &€/2, E; = £/2, and Ejyy is the energy term depending on N and S which remains constant in the variational

solution. Furthermore, we have defined
My, = 3 (Chattss) TeM + g5 E miy = 33~ (Clifss) (Ch,) Tem + g5 51 (B7)

Mx MY mp

as well as the bare spin-orbit coupling terms in the atomic state with phonons excited,

IM IM LM’ jmj  jm;
Pu = Z Z CLMISECLMJSZ Clm AM— m)ClﬁI,)L(Mfm) CinssCii /sz](f + D, (B8)
MM' X m,jm;

wherem=m— (M —M'), ¥ = ¥ + (M — M’"). In addition we have

WlH 1) = = 27 BRTL U (0w, (B9Y)
ko
1 A JM, 2 WLis LM
Qu :E(l +=D )NZ CLMJSZ ZA)LI(Z: —H2), A1tk MMmuzClM Api=p2) | (B10)
12

with M =M — u; + pp and U (k) = ’W“(k) In deriving these expressions we have used several times the symmetry

properties of the Clebsch-Gordon coefficients. Minimization gives the equations

Up(k)*Q;
E = Eg, — So,(E),  Zomy(E) = ) —i——2—. (BI1)
o B —E A+ o

064428-9



J. H. MENTINK, M. I. KATSNELSON, AND M. LEMESHKO PHYSICAL REVIEW B 99, 064428 (2019)

Once E is obtained, the variational parameters can be determined from the relations

JMy . —1/2
kAl —i1 U (k) Qu JM, 1/2 M 2
= =R, E). |Z, =1+ § IRV(E)] ) (B12)
1/2 JM kil JM kAl
ZJI(/IJ E—E™ —ax ’ kAl

2. g-factor renormalization

Once the variational parameters are determined, observables can be directly evaluated. For the calculation of the g factor we
need to evaluate

g+gs  gL—gs (L2—8?)
= - . B13
8s ;T ) (B13)
Direct substitution gives
(WwIi2 - S2|¢> |z‘/2 [LILA+1) =SS+ DI+ Yo B Pla +1) — S¢S + 1)] B
(W 1I?1v) 1Z3e PTG+ 1D + o | B3[P
For weak electron-phonon interactions we have | ﬂ“l /Zj,{,lzJ 1> = IR‘JMJ |> « 1 and we can write
gL—& oIl +1)—=SS+1) LL+1)—-SS+1) Py
g~ g+ 2 R - S (B15)
2 Y, JU+1) JU+1) JU+1)
where
+ —gsLL+1)—-SES+1
g(}:gL 8s 8L 8s ( ) —S( ). (B16)
2 2 JUJ+1)
Hence, at small coupling we expect a change of the g factor that scales quadratically with the coupling strength.
APPENDIX C: VARIATIONAL SOLUTION FOR DYNAMICAL RESPONSE
1. Linear response formulas
To derive the equations for linear response, the variational parameters are written as
1/2(t)_Zl/2 Zl/2(t) 1)
B (t) = B + 8B 1), (C2)

where
8ZJ1/2 (t) — 821/2 (a))efiwt+st + 8Zj|</|2J (_w)eia)tJrst’ 8‘31‘3)'\\?‘] (t) — 8/3]‘3),\\/# (a))efin»sl + 6ﬂkMJ( a))elthrat

and Z 1/ 2 and ,BJMJ are given by the solution of the static case. For convenience we write the dynamical contributions as
1/2 M M
SZyp (@) = 3B - Xgu,(@), 3L (@) = 3B - g (@),

from which 8Z, iy 2( w) and Sﬂ;MJ(—a)) are obtained by replacing w — —w and B — B*. In this notation, evaluation of the
time-dependent changes of angular momentum, §/;(t) = (@) = d)o, yields the susceptibilities

) _ MyMj 1 1/2% 1/2 M M) M JM) JM; UM
o () = Z |:Ii ’ J[ZJMJ XJM’J,J‘(‘UH‘ZJM/ Xim,, (= a)) + Z qu J il X kuJJ(w) + B’ XwJ]*( w)]:|

MJMZJ kAl
where
MM, 5
1" = (LsIMy | HILSIM]), (C3)
MM, M A
I)J,Ji 1= Z CZAA//;JSZ‘CLM{,S):’ Z Clm AuClm g/ AlmS ZaplLi|Im'S X apu') (C4
MM' X2y mm'

are the matrix elements of angular momentum components / = L, S, J, A without and with phonons excited, respectively, with
i = x, y, z. For practical calculations we focus on the case of a nondegenerate ground state. For example, at By > 0 the variational
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FIG. 4. Emergence of metastable states due to the Fano-like shape of the self-energy. Self-consistent solutions are determined by crossings
of the solid grey line and the blue dashed line, which represents the real part of the self-energy, —Re Xyw,(E"). (a) For the smallest electron—
phonon coupling strength, it = 0.001, only one self-consistent solution is found (vertical dashed line) at a slightly lower energy than the
ground-state energy of the bare atom (vertical dotted line). (b) For larger coupling strengths, additional self-consistent solutions emerge. The
metastable state corresponds to the solution with the largest energy. (c) By further increasing the coupling strength, the metastable state shifts
towards higher energies E’ where —Re v, (E’) monotonically decreases. For comparison, the imaginary part of the self-energy is shown
(red dotted line), which determines the lifetime of the metastable state. Note the different scales of the vertical axes for different coupling
strengths.

0
state with Mg = -J has the lowest energy. Hence, in the static problem only Zj’{/lzo and ﬂ,‘:iv[lJ are nonzero. For numerical evaluation

of a(l)(w) it is convenient to determine the contributions of Xyv, ;(w) and Xku *.(w) from the expressions:

M,yMY MyMY
MY my e K1 (@ ]

Xomy,i(w) =
M. JMO w+ie + AEyy, — KoM (w)
JMY s My MY
Zﬂkli I-(J}[\?Jl( )= j’{ﬂzo IMJ(CU)XJMJ,(LU)+ |ZJI'<A20| KZMJ( ) /\lJi v, (C5)
where
MMM = g (g LM 4 ggSM, (C6)
MM, MM,
muJ,i ’ (gLLuz + gSSAlJi J)’ (€7
and
2
My |Us (k) Ol
KO @)= Z (a) +ie + AE“'MJ - o, ) 5
krl k
KIM (o) = Z U5 (k) Qi) (©9)
—wi)lw+1e + — wy
(MBS — o) (0 + e + AEM — o)
U, (k 2
2MJ(w) Z |Us (k) Ol (C10)

(MBS — o) (0 +ie + AE™ — )

with AEyy, = E — Eym, and AEAJIMJ =F — EfIMJ, where E is the variational ground-state energy. The integrals are computed
numerically with ¢ < 1 until convergence is achieved. Explicit expressions for the energy of the bare impurity, Ejy,, and the

energy of the bare impurity with phonons excited, E; IMJ, as well as for Q;,, are given in Appendix B.

(

2. Emergence of high-frequency peaks

The emergence of high-frequency peaks in the susceptibil-
ities can be understood by analyzing (i) the poles of Xyv, ;
[Eqg. (22) of the Methods section], which involves changes of

1/ 2 (a)) and (ii) the functions K1 J(a)) and KZMJ (w) [Eqgs.
(27) and (28) of the Methods sectlon] which corresponds
to changes of ﬂ,ﬁlvl'fi(w). Here we elaborate on the poles of
Xym,,i which give rise to additional metastable states of the

quasiparticle and are determined by the equation

w4+ AEgp, — KO (w) =0 (C11)

where AEy, = E — Eym,. Using w = E' — E, with E the
ground-state energy and the definition of KO (w) [see Eq.
(26) of the Methods section], we find that the solution of
(C11) coincides with the solutions of E' = Eyy, — Xym,(E")
corresponding to the angulon states at energies E’ > E. Such
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additional solutions only occur for sufficiently high electron-
phonon coupling strength, as we illustrate in Fig. 4 by plotting
E’' — Eyv, (gray solid line), —Re[Xyv,(E")] (blue dashed
line), and Im[Xym,(E")] (red dotted line) as a function of E’
for a few different electron-phonon coupling strengths. Ver-
tical dashed and dotted lines indicate the variational ground
state energies of the angulon and of the free atom, respec-
tively. We observe that additional sharp peaks only occur for
E' > E,, where E, is defined by Max[Im Xy, (E")], since
in this range —Re X, (E’) is a monotonically decreasing
function and Im Xy, (E’) remains small but not negligible.
In addition, in order to investigate the scaling of the high-
frequency peak with electron-phonon coupling strength i, we
evaluate the dependences E (it) and E’(it). The result is shown
in Fig. 5, by solid black (E) and dashed blue (E’) lines, from
which we conclude that the change of w(it) = E'(it) — E (it)
is approximately linear with #. The results shown in Fig. 4
and Fig. 5 are computed for the same parameters as Fig. 3 of
the maintext: N=5,L=1,S=J =1/2,M; = —1/2, with
electronic parameters & /Jy = 0.1, ugBy/Jg = 0.02.

0.000 0.002 0.004 0.006 0.008 0.010
u

FIG. 5. Scaling of the stable and metastable states with electron—
phonon coupling strength, &. E is the ground-state energy, E’,
is the energy of the additional self-consistent solution of the
equation E’ = Eyq, — Xym,(E’), which is found at energies above
Max[—Re 2Zu, (E")] (see Fig. 4). An approximately linear scaling
with i@ is found for both states, yielding a linear dependence of
o = E’ — E on it in the parameter range investigated.
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