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First-principles calculations enable accurate predictions of electronic interactions and dynamics.
However, computing the electron spin dynamics remains challenging. The spin-orbit interaction
causes various dynamical phenomena that couple with phonons, such as spin precession and spin-
flip e-ph scattering, which are difficult to describe with current first-principles calculations. In this
work, we show a rigorous framework to study phonon-induced spin relaxation and decoherence, by
computing the spin-spin correlation function and its vertex corrections due to e-ph interactions.
We apply this approach to a model system and develop corresponding first-principles calculations
of spin relaxation in GaAs. Our vertex-correction formalism is shown to capture the Elliott-Yafet,
Dyakonov-Perel, and strong-precession mechanisms — three independent spin decoherence regimes
with distinct physical origins — thereby unifying their theoretical treatment and calculation. Our
method is general and enables quantitative studies of spin relaxation, decoherence, and transport

in a wide range of materials and devices.

I. INTRODUCTION

Linear response theory provides a microscopic un-
derstanding of the response of a system to external
perturbations and computes the associated correlation
functions [1-6]. First-principles calculations of elec-
tronic interactions [7-14] complement this formalism,
enabling precise predictions of materials properties
and transport coefficients without resorting to em-
pirical models or fitting parameters. In this context,
electron-phonon (e-ph) interactions are particularly
important as they govern a wide range of phenomena
such as charge transport [15], superconductivity [16],
spin transport [17-20] and spin decoherence [21-23].

The Boltzmann transport equation (BTE) is widely
used to study the response to an external electric
field [24, 25]. The field drives the electronic populations
fnk, for states with band n and crystal momentum k,
away from the equilibrium Fermi-Dirac distribution f,,
while the e-ph interactions dissipate electron energy and
act to restore equilibrium, resulting in a steady-state
current e(fnr — fgk)vnk, where e is the electron charge
and v,g is the band velocity [24]. In the many-body
formalism, the BTE at low electric field is formally
equivalent to the ladder vertex-correction to the dc
conductivity [4]. In that framework, one determines the
current-current correlation function, with vertex correc-
tions from the e-ph interactions obtained by summing
over ladder diagrams, and computes the conductivity
from the dissipative part of the susceptibility. A key
factor making this approach equivalent to the BTE is
that the electron velocity is band-diagonal in the Bloch
basis, (mk| v |nk) = dpmOkEnk/h [4].

However, studying the response to an external field
of an arbitrary operator that couples with phonons
is more difficult. The matrix representation of an
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operator A is in general nondiagonal in the Bloch
basis, Apme = (mk|A|nk), and can mix states in
different bands. The BTE cannot be applied in this
case because due to its population-based formalism
it neglects such off-diagonal (inter-band) components.
A framework treating the response of non-diagonal
operators coupled with e-ph interactions is still missing.

An important example is spin relaxation and de-
coherence, where spin-orbit coupling (SOC) makes
the spin operators non-diagonal in the band index,
and phonons can change the electron spin through
e-ph interactions [19]. Theories of spin decoherence
focus on two distinct models — the Elliott-Yafet (EY)
mechanism [26, 27], where e-ph collisions rotate the spin
direction, and the Dyakonov-Perel (DP) mechanism [28],
where spin precession in the SOC field induces a mo-
tional narrowing of the spin. The dominant mechanism
depends on the system — typically, EY dominates
in centrosymmetric and DP in non-centrosymmetric
materials.  Spin relaxation exhibits opposite trends
in these two mechanisms, with spin relaxation times
proportional to the e-ph relaxation times in EY, and
inversely proportional in DP. We have recently shown
that EY spin relaxation can be computed from first-
principles in the spin relaxation time approximation
(sRTA) [29]—the spin counterpart of the transport RTA
for charge transport [1, 4] — but spin precession and the
DP mechanism are neglected in the sRTA.

Here we show a many-body approach to compute
the susceptibility for an arbitrary non-diagonal oper-
ator coupled to e-ph interactions. Our diagrammatic
approach, based on the Kubo formula with vertex
corrections to the susceptibility in an external injection
field, calculates an effective phonon-dressed operator
and its renormalized dynamics. We derive a Bethe-
Salpeter equation (BSE) for the vertex corrections, and
specializing to the spin operator, we use the vertex
corrections to compute spin relaxation and precession.
We show that the vertex corrections can capture spin
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decoherence due to both the EY and DP mechanisms
and can also model the strong-precession regime, a third
mechanism distinct from EY and DP. We find these
three mechanisms in the exact solution of a two-level
system, and also identify them in a real material,
GaAs, using first-principles calculations. Combined with
first-principles e-ph calculations, our method is poised to
advance microscopic understanding of phonon-induced
spin decoherence [30], with applications ranging from
solid-state qubits to quantum materials with spin Hall
effect, valley-dependent spin physics, and Rashba effect.

The paper is organized as follows: In Sec. II, we
derive the BSE for the phonon-dressed vertex, discuss its
physical interpretation, and calculate the susceptibility
in response to an injection field. In Sec. III-IV, we
apply this formalism to study spin dynamics in a model
two-level system and in a real material, GaAs, discussing
spin relaxation due to the EY, DP, and strong-precession
mechanisms.

II. THEORY

We derive a self-consistent BSE for the vertex correc-
tion to the susceptibility due to e-ph interactions, focus-
ing on a general vector observable A. We then present
a physical interpretation of the vertex corrections and
the renormalized dynamics of the operator. We employ
atomic units and set i = 1.

A. Interacting Green’s function

We consider an unperturbed Hamiltonian Hj diagonal
in the Bloch basis, (n'k| Hy |nk) = €,k0nn/. The inter-
acting imaginary-time Green’s function G (iw,) is written
using the Dyson equation as [1]

Gliwa) ™t = GO (iw,) "t — (1)

where w, are fermionic Matsubara frequencies, G(©) (iwg)
is the non-interacting Green’s function, and 3(iw,) is the
lowest order (Fan-Migdal) e-ph self-energy [1, 15, 31],
whose band- and k-dependent expression is

1
ﬁNunc

Y (iwa),

Enn’k(iwa) = - [gn’m’u(k7 Q)]* gnmu(k7 q)

mm’qu,iq.
X Dyq (iqC)gmm’k-&-q(iwa +iqc).

(2)

Here, 8 = 1/kpT at temperature T, N, is the num-
ber of g-points in the summation, V;. is the unit cell
volume, ¢. is the bosonic Matsubara frequency of the
phonon, and Dq(ige) = 2wyq/((ige)* — wZ,) is the non-
interacting phonon Green’s function for a phonon with
mode index v, wave-vector q, and energy w,q. The e-ph
matrix elements gpm. (k, q) quantify the probability am-

plitude for an electron in a Bloch state |1, ), with band

| O O
(c)
> >' + % >
FIG. 1. ) Bare bubble diagram without the vertex cor-

rection. (b) Bubble diagram including the vertex correction.
(c¢) Bethe-Salpeter equation for the vertex corrections A from
electron-phonon interactions within the ladder approxima-
tion. The wavy line is the phonon propagator and the red
dots are the e-ph matrix elements gnm. (k, q).

index n and crystal momentum k, to scatter into a final
state [mi+q) by emitting or absorbing a phonon [15, 32],

3)

where 6qu is the perturbation to the potential acting
on an electron due to a given phonon mode (v, q).

gnmu(ka Q) = <wmk+q| aqu|wnk>,

B. Kubo formula and correlation function

We consider a complex vector operator A, with ma-
trix elements in the direction o written as A%, .

(mk| A* |nk). We derive the A — A correlation function
with a procedure analogous to the derivation of the dc
conductivity in the ladder approximation [4]. Here, the
operator Aisin general non-diagonal in the band index,
leading to matrix elements A% .. so the derivation for
the diagonal case given in Ref. [4] needs to be extended
to non-diagonal operators and vertex corrections.

We first derive the correlation function in imaginary
time and frequency, and then extend it to real frequen-
cies via analytic continuation. The retarded correlation
function for the operator A can be obtained from the
Kubo formula [1]

R . -
Xaslpyivg) = [ e (1, 4%(p,7) 4P~
0

0). (4)

where p is a wave-vector, v is a bosonic Matsubara fre-
quency, T is imaginary time ranging from 0 to 8 = 1/kgT
at temperature T, and T’ is the imaginary time-ordering
operator. Here we focus on the p — 0 limit, so we drop
p from the equations. This correlation function can be
expressed as a sum of bubble diagrams P as [1]

Xag (i) = 3 Z P(iwg, iwg + ivp). (5)

We



Let us consider the bare bubble diagram that includes
the electron self-energy only in the electron propagator
G, as shown in Fig. 1(a):

Xag(ivp) V Z’H (iwa) A%G (it +wb)Aﬂ] (6)

where the trace is evaluated over the band and momen-
tum indices. In this expression, the operator A can be
regarded as the bare vertex of the correlation function.
For the velocity operator, Eq. (6) leads to the well-known
Drude conductivity [1, 4].

In this work, the corrections to the vertex originate
from the e-ph interactions, which couple electronic states
with different band and crystal momenta. Figure 1(b)
shows the correlation function including the vertex cor-
rection A,

Xap(ivy) = 5V ZTr (iwa ) AYG (iwq + ivp) -

X AﬂA'B(iwa, We + iub)],

where APAB (iwg, iw, + i) is the phonon-dressed ver-
tex for the operator A in the Cartesian direction 3. Note
that the vertex correction AP (iw,, iw, +ivy) is a complex-
valued vector that contains information about the oper-
ator dynamics renormalized by the e-ph interactions.

C. Bethe-Salpeter equation for the phonon-dressed
vertex

The leading correction to the vertex is obtained by
summing over ladder diagrams, which can be viewed as
an abstract form of charge conservation in the presence
of e-ph scattering [1, 4]. The vertex correction A,
satisfies the self-consistent BSE, shown diagrammatically
in Fig. 1(c) and written as

Agn/ijzn/k('I:(Afa7 iwa + ZI/b) = A%

nn'k
1
ANV 2

mm/ll'qu,iq.
X gmlk+q (iwa + iqc)gl’m’kJrq (iwa + Z.I/b + ch)
X Aﬁ’k+qAﬁ’k+q (iwa + iqm iwa + il/b + ch)

(8)

The kernel of this BSE [33] is the e-ph interaction
[gn’m’u(k7 Q)]* Gnmy (k, q)DVq(iQC)'

Following Mahan [1] and Ref. [4], we first sum over
the bosonic Matsubara frequency ig. in Eq. (8). This
summation, defined as Smm,”,qu (iwg, iw, + ivp), reads:
S(rlnm’ll/k:qu (iwa? iwa + il/b)

B Z D.oq(igc) All,k+q(zwa + iqe, iwg + v +1qc) (9)
iqe

X gmlk:+q (iwa + ch) gl/m’k:—i-q (iwa + iVb + ch)

[gn’m’u(k:v Q)]* Inmu (ka q)qu(iqC)

As usual, the summation is done by constructing a con-
tour integral along a circle at infinity:

dz o . . )
?{ i nB(2)Duq(2) All,k+q(zwa + 2, iwg + W + 2) (10)

X gmlk+q(iwa + Z) gl’m’kJrq(iwa + iVb + Z)7

where np are Bose-Einstein occupations. The integrand
has poles at z = iq., z = f+w,q, and branch cuts along
z = —iw, and z = —iw, — iy [1, 4]. Employing Cauchy’s
residue theorem, we obtain

Sm i kqu (Was 1wa + i)
= —Nl,quj,k+q(iwa + Wygq, iWa + iV + Wyq)

X Gmik+q(iWa + Wuq)Grm ktq(twe + ip + Wiq)

= [Nug + 1A gy g (iwa

X gmlk+q(iwa

/2mf( Qe

x [Aloz’k+q(€ + 277’ 5/ + Z‘Vb)gmlkJrq (5/ + 277)

— Wygq, tWq + 1 — Wyq)
- wuq)gl/m’k+q (iwa + Z.I/b - wuq)

2wyq

e 41
— iwa)? — wZg GimeralS i)

- Aﬁ'kJrq (8/ - “77 El + iyb)gmlk+q(€/ - ZT])]
de’ , 2qu , )
— / %f( )(6/ — W, — ’iVb)z _ wgq gmlk-i—q(g — ZVb)
[All’k+q( ! iVb, El + in)gl’m’k+q(5/ + Z’I])
— Afprq(& — vy, € — i) Grmiktq(e’ —in)],

(11)

where N, q=ng(w,q) are temperature dependent phonon
occupations, f(e) is the Fermi-Dirac distribution func-
tion, and 7 is a positive infinitesimal.

The leading contribution to S7 1pq, (iWe, iw, +
ivp) comes from the combination of retarded and ad-
vanced Green’s functions, G® and G4, while terms of
O(]GF2,[G%]?) can be neglected in the weak scatter-
ing regime [1, 4]. Therefore, after the analytic contin-
uations iw, — € —in and iw, + vy, — € + v + i,
and using the identity ﬁ = PL —iné(z), we obtain

n T
Sovmiikqw (€ — 10, € + i) in limit of v — 0,
S%m’ll’kqu (E - ”77 €+ ”7)

— [Nug + f(e + wig)|Alirk 14 (€ + wiq)

X Gmlk-‘rq(g + qu)Gl/m/k+q(€ + qu) (12)
— [Nyq + ]. — f(5 — qu)]Aﬁ/k+q(€ — qu)

X GilkJrq(E - qu)Gﬁm'k+q(5 — Wyg)s

where the index A (R) stands for advanced (retarded)
function, and Afj,,, ,(€) = Afjip (€ —in,e +in).
Using this result, we write the self-consistent BSE for



the phonon-dressed vertex AN at energy € as:

@ «a
Ann/kAnn’k
1

NV

(e) = A

nn'k

Z [gn/m/y(k, q)]* gnmu(kv q)Aﬁ’k—!—q

mm/ll'qu

+

X {(Nuq + fle+ Wuq))Alof'kJrq(E + Wuq)

x Gilk«kq (E + leI)Gﬁm’kJrq(E + wl/q)
+ (NVq +1- f(g - wl’q»Aﬁ’kJrq(E - wuq)

A
X szlk-{-q(s - Wuq)Gl/7n'k+q(5 — W) |-

(13)

By solving Eq. (13), we obtain the phonon-dressed ver-
tex A% A% () and its dependence on band, crystal
momentum and energy.

In the weak scattering regime, where the electron spec-

J

Agn’kAgn’k(g) = Azn’k +

mm/qu

4

tral function has a well-defined quasiparticle peak [5] and
the off-diagonal self-energy can be neglected [34, 35], the
Green’s function becomes band-diagonal and the self-
energies can be evaluated on-shell. Then the product
of the retarded and advanced Green’s functions, GEG4,
can be approximated as [36]

lefzk+q (g)G:r‘L’k—&-q (5)

 Grikigle) = Gl g(e)
= ~ = —
(EN ) R E I )
To(e—Em/ktq) +TO(E—Emktq) _ipsffnlqu +iP675ik+q

i(2§k+q - Zfz/lﬁq) + i(Emk+q — Emk+q) ’

(14)

a function that is strongly peaked at electron energies
€ = Emk4q and € = €pp4q. Therefore, we can further
simplify the full-frequency BSE in Eq. (13) to a double-
pole ansatz, which evaluates the vertex corrections only
at these two energies:

Z [gn’m’u(kv q)]* Inmuv (k7 q)

1 i 1
X = | {(Nyg + e+ wyg—¢ —
9 {( vq fmk+q)( ( vq mk+q) T &+ Wyg — Emikiq
1 1 A’ranm’k+ Aranm’kJr (5mk+q)
+ (Nug + 1= fink+q)(0( — wig — Emktq) — =P o . —
v e A L Z(ZﬁkJrq - Efmprq) + i(Emk+q — Em’k+q)
i 1
+{(Nyg + finr 0(e 4+ wpg — Emy + —P
{( vg + fm k+q)( ( vq m k+q) T €+ Wog — Emktq
{ 1 A;Xn'm/k+ A%m’k-&- (Em’k+q)
4+ (Nyg+1— frk 0(e —wyg — Em'k + —P X - frd o B
(Nva mira) 00 va ~ emkta) T &= Wug ~ Emktq Z(Ef’dc-‘,—q - Zﬁle-&-q) + i(Emk+q — Em’k+q)
(15)
[
where € equals e,k Or €k, and fik+q = f(Emktq)- the bare operator expectation value A%,,L/k+q, obtaining
We have tested the consistency of this theory by deriv-
ing a Ward identity [1, 4, 37] relating the self-energy and A ket q(Emiktq)
vertex corrections (see Appendix A). This result guaran- (17)

tees that e-ph diagrams are taken into account consis-
tently in the self-energy and in our BSE.

D. The dressed vertex and its interpretation

We focus on the dressed operator divided by the band
energy difference, a key term in Eq. (15):

@ a
Amm’k+qum'k+q (5m’k+q)

- - . (16)
Z(Eﬁkarq - E?@’k+q) +Z(€’mk+q _gm’k—i-q)

This ratio describes the renormalized dynamics associ-
ated with the operator A in the presence of e-ph interac-
tions. This dynamics is obtained by dividing Eq. (16) by

i(zr}ikJrq _Eﬁ/kqu) +i(emktq—Emkrq)

The physical meaning of this ratio can be understood
by analyzing the simple case of the velocity operator.
As the velocity operator is band-diagonal and satisfies
VUmm/ktq = v%k+q6mm/, the band energy difference in
the denominator vanishes, so the denominator is purely
real because ¥/}, o = (B, , )*. Thus Eq. (16) for the
velocity operator becomes

@ «
vntk+qA7erk+q(8mk+Q) o« e-ph A ( )
’L(ZR Y ) = Umk+q mk+g mmk+q\Emk+q)>
mk-+q mk-+q

(18)
where we used Ts;zlj’_q =1/|2Im X, k4| for the e-ph col-

lision time. This equation gives the renormalized e-ph



TABLE I. Summary of the formalism for charge transport and spin decoherence.

Charge transport (Ref. [4])

Spin decoherence

Operator
External field F
Injection field F

unk (diagonal)

E(v) = —ivA(v)

Vertex correction A Ak (enk)

. . 6 -ph
Renormalized dynamics 7, w Tkar)a =T An g (enk)

Vector potential (A)

Snmik (non-diagonal)
Magnetic field (B)
B(v) = —ivB(v)
AL (Enk), A (Envie)

1 AZn'k (enk)

T o = =Rk _yA ; _
Tﬁnlk(enk)+lw""”<’<5”k) Z(Enk En/k)‘i"‘(Enk En/k)

mean free path, and dividing by the bare velocity we ob-
tain the renormalized relaxation time, also known as the
transport relaxation time [4],

«
a(tr) _ _e-ph a ( ) _ Ammk+q(€mk+q)
Tmk+q = Tmk+q "*mmk+q\Emk+q) = i(ER _yA )
mk+q mk+q

(19)

For a non-diagonal operator, both the vertex correc-
tion and the operator expectation value are complex, so
the ratio in Eq. (17) cannot be represented by a single
real quantity with units of time as in Eq. (19). To ex-
tend the vertex correction to non-diagonal operators, we
generalize this formalism by defining the renormalized
microscopic relaxation times 7% ., (¢) and introduc-

ing the precession frequencies W, /s +q(€):
1
1 0
- +iw
Tmm’k+q(5) + mm'k+q (6)

A;lnm’kJrq (E) (20)

B Z(ETISLkJrq - Zrl?z’kJrq) +i(‘€mk+q _gm’k-&-q) ’

where ¢ equals epmktq O Epm/k+q. This way, with-
out the vertex correction, the renormalized relaxation
time reduces to the (non-diagonal) e-ph collision time,

T;fn}}kJrq =1/|Im%,kt+q + Im X,/ k44|, and the renor-
malized precession frequency reduces to the bare oper-
ator rotation frequency, wp = (Emk+q + ReXmrrq) —

(€7n/k+q + Re Em’k—l—q)a with A;lnm/kJrq (t) ox etwst,

E. Vertex correction to the susceptibility

We derive the vertex-corrected susceptibility in re-
sponse to an external field for the generic observable
A. Suppose that the complex operator A® couples to
a vector field F*, with perturbation Hamiltonian H’ =
—A“F“. The susceptibility is defined as the response

function in

(A°(1)) = Xap () F’ (v), (21)

where F is the external field along the direction 3, and
(A*(v)) is the response of the system along « at fre-
quency v due to the applied field.

To study relaxation and dissipation, we rewrite the re-
sponse of the system as

(A () = 0ap (V) FP (), (22)

thus expressing it in terms of the susceptibility o, to the
“injection field” at frequency v, and F?(v) = —ivFP(v).
The injection field produces a nonequilibrium electron
distribution with an injection rate equal to the inverse
relaxation time of A [38]. From Egs. (21)-(22), we obtain

Gap(v) = X2 (23)

—w

When F is the vector potential A, the injection field
becomes the electric field E(v) = —ivA(v), the observ-
able of interest is the current operator A%, . = €0nmvoy,
and o,3(v) is the frequency-dependent conductivity ten-
sor. When F is the magnetic field B, the injection field
is its time derivative, B(v) = —ivB(v), and the observ-
able is the electron magnetic moment A%, . = gupse,
which is proportional to the spin matrix s, . [38, 39].
These results are summarized in Table 1.

We write the correlation function with vertex correc-
tion [see Eq. (7)] as a contour integral along a circle at
infinity [1, 4],

Xep(its) == % 7{ %f(z) T (24)
Q(z)fl(”g(z + iub)flﬁAB(z, z 4+ iub)] ,

which has branch cuts along z = —iv, and z = 0, and
poles at z = iw,, and thus

ool = g [ sepe) |

—G(e +in)A%G(e + i) APAP (e +in, e + vy
+G(e — in)A“G(e + i) APAP (e — in e + vy

( )

( ) (29)
— Gle — iny) A%G(e + in) APAP (e — vy, e + in)

( )

+G(e — i) AG(e — in) AP AP (e — iy, e — i } .

After the analytic continuation iv, — v + in, we obtain
the retarded correlation function to leading order by ne-



glecting the terms GTGF and GAGA [1, 4]:

Xap (V)
— i [ a5 - e v

Gl () A“GA (e + V) AP AP (iwy — in,iwa + ivp + in)]

1 d o
~ NkVuc T%/ i(f(g) - f(E + V))AnmkAiznk

76(e—enk) +T0(e+V—Emp)
i(2R A Fi(emptv—cnk)
(26)

X Afmk(s—in, etv+in)

where Ny, is the number of k-points, and we used Eq. (14)
in the last equality. This equation characterizes the
frequency-dependent response of the system [40)].

We focus on the dc limit v — 0, where the driving field
is static. The susceptibility with respect to the injection
field becomes

1
li = —lim ~1I
iy 0ap(v) = = lig © Imxas(v)
1
= Re > A2, AL
Nkvuc ke k k

B )T e (Eni) + (D) AL (k)]
/L(Z,,R;Lk - Zﬁk) + i(gmk - Enk)

(27)

This static susceptibility has both band-diagonal (n =
m) and off-diagonal (n # m) contributions. The band-
diagonal contribution

@, 1 B _eph,B df nke
o-ozﬁ (0) - Nk‘/uc %AgnkAnnank Annk(aﬂk)(_ de )
(28)

is the only contribution to the static susceptibility for
a band-diagonal operator. For example, for the velocity
operator, Eq. (28) becomes the well-known electrical con-
ductivity tensor within the BTE, which has been studied
extensively using both empirical and first-principles cal-
culations [24, 25, 32, 41, 42] (note that solving exactly the
BTE is equivalent to computing the velocity vertex cor-
rection [4]). For non-diagonal operators, our formalism
introduces an off-diagonal contribution in Eq. (27):

(nd) oy _ L B
TaB (0) - NiVie Re Z AgmkAmnk
n#mk
%[(7%)‘/\51'”]4:(5”76) + (7 dJZZk )AﬁLnk (5mk)] )
ISR, —2A4) +i(emk — enk)

(29)

For the velocity operator, this term enables studies of
charge transport in the presence of inter-band coher-
ence [43]; for the spin operator, this contribution is
essential to describe how e-ph interactions modify spin
precession.

F. Renormalized relaxation time

We derive an expression for the renormalized macro-
scopic relaxation time of an operator A due to e-ph in-
teractions. Using Eq. (28), the average relaxation time
for the band-diagonal components A, . is

S Ak Al TP AL (k) (— k)

nnk‘ nnk n de
@ B _ dfnk
an AnnkAnnk: ( TT;)

For the velocity operator, this equation gives the
well-known Drude dc electrical conductivity, while
for the spin operator one obtains the phonon-dressed
macroscopic spin relaxation time, as discussed below.
These results generalize the linear response treatment
for band-diagonal operators presented in Ref. [4] and
extend it to non-diagonal operators.

(30)

Taﬂ =

III. SPIN RELAXATION AND DECOHERENCE

We now specialize to the non-diagonal spin operator,
and apply our formalism to study phonon-induced spin
relaxation and decoherence. The BSE for the phonon-
dressed spin vertex — called hereafter spin-phonon BSE
— is a key result obtained from Eq. (13) by replacing
AQ .. with the spin operator s, /.. In matrix form and
using a compact notation, the spin-phonon BSE can be
written in a way that clearly matches the diagram in
Fig. 1(c):

1
sAk(e)=sk + > 8l kg [GHsAGT krg, kg Fi(T),
q Yuc qu: Eiwuq
(31)
where sAg(e) = SpnkAnnk(e) is the phonon-dressed

spin vertex, F.i. (T) = Nyq+ 3 £[f(ew,q) — 3] is a ther-
mal occupation factor at temperature 7', and [g,kq]
gnmv(k, @) are e-ph matrix elements [32].

In the weak scattering regime, this spin-phonon BSE
can be rewritten using the double-pole ansatz discussed

above (where € equals e, O £,/1):

nm
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mm'qu

[Gnrm (K, Q)]* Gnmv (K, q)

1
X 5 {(Nuq + fkarq)((S(E + Wyq — 5mk+q) -
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T €+ Wyq

— Em'k+q
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Smm’k+qum/k+q (5mk+q)
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™ € —Wuq — Em'k+q
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Z(Zﬁlk+q - Eﬁﬂk-{-q) + i(Emktq — Em'k+q)
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« Smm’k+qum’k+q (Emk+q)

+ (Nug + 1= fikiq)(6(e —wpg — Em'ktq) + =P

T € — Wyq — Emk+q

This BSE for the phonon-dressed spin vertex, used in
this work to study spin dynamics, should not be con-
fused with the widely used BSE for excitons and optical
spectra [2], which is entirely unrelated.

The vertex corrections AZ, ,, obtained by solving the
BSE govern spin dynamics as they renormalize spin re-
laxation and precession [30]. The macroscopic spin re-
laxation times are obtained using the thermal average in
Eq. (30),

-ph d W
,7_(3) _ an SgnksﬁnkTskl:) ArﬁLnk (Enk)(_ J(;gk) (33)
af 8 dfn :
an S%nksnnk (_ %)

For @« = ( along the external magnetic field, Eq. (33)
gives the longitudinal spin relaxation time, usually called
Ty, along the direction «, while for a perpendicular mag-
netic field one obtains the transverse spin relaxation time,
T, [44]. The renormalized microscopic spin relaxation
times (7%,,) and spin precession rates (w%,), which
are matrices in Bloch basis, are computed from the ver-
tex corrections A, . using

1 = Agn’k({s)
g T iw(e) S~ Sk + ek — )
(34)
The diagonal components with n = n’ give the renor-
malized microscopic spin relaxation times, Tfnk =
e-ph AB
Tnk nnk

(enk), entering Eq. (33).

i(an’LkJrq - ZréL’kJrq) + i(gmk-l-q - 5m’k:+q)
(32)

IV. RESULTS

We apply our formalism to study spin relaxation and
decoherence. We first present analytic results for a two-
level model system, and then focus on first-principles cal-
culations on a real material, GaAs. Application to a
wider range of materials is presented in our companion
paper [30].

A. Two-level system with optical phonon
scattering

We study spin dynamics in a two-level system to un-
derstand different phonon-induced spin relaxation mech-
anisms. In our model, the electron spins undergo phonon-
induced spin-flip transitions together with spin precession
in the SOC field modified by the e-ph interactions. We
solve the spin-phonon BSE for this system and derive
analytic expressions for the vertex corrections and spin
relaxation times. Our analysis sheds light on phonon-
dressed operators and their renormalized dynamics, pro-
viding a starting point to understand phonon-induced
spin relaxation in real materials with complex band struc-
tures, phonon dispersions, and e-ph interactions.

Consider a periodic two-level system where each level
is spin degenerate (see Fig. 2). The Hilbert space con-
sists of four Bloch states, which are eigenstates of the
Hamiltonian:

Hn) = en|n) (35)

where |n) is the n-th energy eigenstate. The two lowest-
energy states |1) and |2) are degenerate (¢; = €2) and
differ only in their spin part. The other two states, |3)
and [4), are higher in energy by wo and are perturbed
by an internal magnetic field along & due to SOC. This
field causes a small Zeeman splitting, A < wp, such that
€34 = €1+ WwWo + %

We separate the space-dependent part [¢,) and the
spin-dependent part |x,) of the two eigenstates as |n) =
[thn)®]xn). The two lowest states have an identical space-



dependent part |¢) and are spin polarized along 2:

1 0
b=l © (0) 1) =we <1> .o

with the following spin matrix elements along z:

(113 11) = - (2], 12) = 5. -
(1]3.]2) = 0.

Above, § = &/2 is the spin operator and & are Pauli
matrices. The two upper bands have an identical space-
dependent part |¢) and are spin polarized along &:

Bb@@%ﬁ)MﬁW@%(ﬁ,@&

with spin matrix elements

<3| Cp |3> = <4‘ Sz ‘4> =0,

39
(35 14) = 5. )

The space-dependent part of the two lower states is or-
thogonal to that of the upper states, and the spin matrix
elements between the two sets of states are zero.

In our model, an electron can scatter between the lower
and upper levels by emitting or absorbing an optical
phonon. These transitions are associated with e-ph ma-
trix elements g, = (m| AV |n), where AV is the pertur-
bation potential due to the optical phonon. We assume
that this perturbation potential has the form

AV:AW@@(ZQ, (40)

where V(r) is the space-dependent part and (‘g 2) the
spin-dependent part of the perturbation, with a and b
real numbers. Due to the presence of SOC, the spin-
dependent part (‘g g) is different from the identity ma-
trix. We consider a small spin-mixing b, where a2 + b% =
1, so that each phonon collision has a small probability
b?> < 1 to flip the z-component of the spin [26]. The
e-ph matrix elements become gnm = go (Xm| (¢ ) [Xn),
where go = (¢| AV (r) [4)). Thus the spin-dependent e-ph

matrix elements are
1
g13 = g23 = \ﬁgo(a +b),

1 (41)
g14 = —g24 = \ﬁgo(@ —b).

B. Spin-phonon BSE and spin relaxation times

We construct the spin-phonon BSE for our two-level
system. There are four non-zero spin matrix elements in

4) —z
3) 4 +z
Iy

hw, r,
|2> \ 4 —Z
1) +z

FIG. 2. Schematic of the energy levels, scattering rates, and
spin orientations of the four Bloch states in our model.

our model: s%;, 854, s34, and s35, where s2, = (m|§, |n).
Using Eq. (32), the diagonal matrix elements have only
one vertex correction, while the off-diagonal matrix ele-
ments have two energy-dependent vertex corrections. As-
suming a small Zeeman splitting A, we can neglect the
energy dependence of the off-diagonal vertex corrections,
and define A%, = A? (e,). We thus have four unknown
vertex corrections: Af;, A3,, A, and Aj;. Taking the
e-ph scattering rates of the two lower and upper states to
be I'; and I's, respectively, the spin-phonon BSE becomes

1 'A% IRV
A% =1 - b2 34 43
= (2 ) (—iA+F3 TiATT,
=1 () (S )
—1 (3
3 3 (42)

1 T3A%,  T3AZ
Ay =14 (= —p?) (32L 4 23722
:, +Q b><F1+ B
1 T3A%,  T3AZ
Az, =1 L2 11 22 )
: +Q b)(rl+ A

Note that this equation treats the phonon-induced spin
flips and the spin precessional dynamics self-consistently.
The first two lines in Eq. (42) give Af; = A3,, while
from the third and fourth lines we obtain A3, = AZs.
Therefore, the solution of the spin-phonon BSE is

2+ A% + T3l (1 — 2b%)
T2402(1 — b2) + A2

(T3 + A%)(T1 +T3(1 — 2b))
(T2462(1 — b2) + A2)T;

zZ __AZ
All_A22_

(43)

zZ __AZ
A34_A43_

The state-dependent spin relaxation times 7{,, 755, 754,
and 7{, are obtained using Eq. (20):

L D24+ A4+ (1—2b%)
T2 T TI2(1 - 02) + AT
(T3 + A%) (T +T3(1 — 2b%))
(T2402(1 — b%) + A2)[4 T

T =
(44)

z z __
T34 = Ty3 =

Figure 3(a) shows the vertex correction for the lowest
state, Af; in Eq. (43), and Fig. 3(b) shows the spin relax-
ation time 7f; from Eq. (44), both plotted as a function
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FIG. 3. (a) The vertex correction Aj; as a function of the e-ph
collision time 71 for the model system in Fig. 2. (b) Spin re-
laxation time as a function of the e-ph collision time 7 for our
model system. We show the full solution of the spin-phonon
BSE in Egs. (43)-(44)) (black curve) and approximate results
for the Elliott-Yafet (blue, Egs. (45)-(46)), Dyakonov-Perel
(red, Egs. (49)-(50)), and strong-precession regimes (green,
Egs. (51)-(52)). These results are obtained by setting 73 = 71
and b = 0.02.

of the e-ph collision time 7 = 1/T';. These quantities
show three distinct regimes with a qualitatively different
dependence on the e-ph collision time, which correspond
to the EY, DP and strong-precession regimes. Our for-
malism encompasses these three regimes [30] because it
can capture both spin-flip scattering and spin precession.
The physics of these regimes is discussed below.

C. Elliott-Yafet regime

We first focus on the EY regime, where spin relaxation
occurs primarily through spin-flip transitions. In this
regime, the spin-flip probability is small since b < 1,
and the spin precession rate is much smaller than the
scattering rate, A < 2I'sb. Using these conditions in

Eq. (43), we obtain the following vertex corrections in
the EY regime:

: _ Az _Tni+ml

117 A2 = T T1 (45)
- P Tm+73 1
A34:A43:W?3a

where 71 = 1/T'; and 73 = 1/T'3 are state-dependent e-ph
collision times. These vertex corrections determine the
spin relaxation times via Eq. (34):
1+ T
=R =R . (46)
These results, shown in Fig. 3, approximate well the
solution of the spin-phonon BSE in the EY regime.

In the conventional theory of EY spin relaxation, the
spin relaxation times are proportional to 1/b? and to
the e-ph collision times (here, 71 and 73) [29, 45, 46].
Our results in Eq. (46) are consistent with that trend,
although the spin relaxation times are proportional to
the average of the e-ph collision times of the two levels,
(11 + 73)/2, and not to their individual values. This
difference is a result of considering both forward- and
back-scattering processes between the two electronic lev-
els in the spin-phonon BSE [4], different from the simpler
sRTA [29, 45, 46] which neglects electron back-scattering.

D. Dyakonov-Perel regime

Next, we discuss the regime where spin precession is
important and governs spin relaxation. Here, the spin-
flip probability is still small (b < 1) but the internal
magnetic field due to SOC is significant, such that A >
2'3b. Inserting these conditions in Eqs. (43)-(44), the
vertex corrections become

%+ T30 + A2

Aflzl = A;Q = A2 )
47
v e @Ay 4P
34 43 A2F1 ’
and for the spin relaxation times we obtain
5 2+ 30 + A2
S U (48)
z .z __ (F% + A2)(Fl + FB)
T34 = T43 AT T

These results describe spin relaxation governed by spin
precession and renormalized by the e-ph interactions.

In the DP regime, the e-ph scattering rates are much
greater than the bare spin precession rate A, and thus
I'1,3 > A. The vertex corrections in the DP regime be-
come

r24+1050
A51:A§2:73+ - 1111
A%y (49)
IZ24+105T0
2 =A%, = Mp&

A2l



while for the spin relaxation times we obtain

These results, shown in Fig. 3, are an excellent approxi-
mation to the BSE solution in the DP regime.

A hallmark of DP relaxation is the inverse propor-
tionality between the spin relaxation and e-ph collision
times [19], a trend captured by our treatment of the DP
regime [see Eq. (50)]. Our formalism shows in Eq. (49)
that this trend originates from the inverse-square scaling
of the vertex corrections with the e-ph collision times,
A~ F%B ~ 1/7'1273. Note that in the EY regime, rescaling
the e-ph collision times by a constant factor has no ef-
fect on the vertex corrections, which depend only on the
ratio 71 /73, and thus the EY spin relaxation times are
proportional to the e-ph collision times. The situation is
different in the DP regime, where rescaling the e-ph col-
lision times changes the vertex corrections. These scal-
ing trends can be employed in real materials to identify
the dominant microscopic mechanisms for spin relaxation
and decoherence [30].

E. Strong-precession regime

A third, distinct regime is realized when the Zeeman
splitting is much greater than the e-ph scattering rates,
A > T'; 3, such that the spins precess much faster than
the rate of e-ph collisions. In this strong-precession
regime [44, 47, 48], the vertex corrections become

ATy = A5 =1,
r (51)
Ay =Nz =1+ 1??
and can be approximated as A =~ 1. Therefore, the ver-
tex corrections are less important than in the EY or DP
regimes. It follows that in the strong-precession regime
the spin relaxation times are proportional to the e-ph
collision times:
1
T = Thy = —,
11 2=

11 1 (52)

z z
Ty = Ty = — + —.
34 43 I, Ty

These results, shown in Fig. 3, approximate well the BSE
solution in the strong-precession regime. Their physi-
cal interpretation is interesting: in the strong-precession
regime, the spins precess for many full cycles between
phonon collisions, randomizing the spin direction. Conse-
quently, the spin relaxation times become equal to the e-
ph collision times, and thus the vertex corrections A =~ 1
can be neglected.
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F. Uncovering the three regimes in GaAs

To identify the three spin relaxation mechanisms in a
real material, we study spin relaxation in GaAs using
our first-principles implementation of the spin-phonon
BSE [30]. We focus on spin relaxation for conduction
band electrons in GaAs at room temperature (300 K),
and investigate how the spin relaxation times depend on
the e-ph collision times.

We compute the ground state and band structures
of GaAs with density functional theory (DFT), using a
plane-wave basis in the QUANTUM ESPRESSO code [49]
and employing the HSE06 hybrid functional [50] to ob-
tain an accurate band gap and electronic structure. We
use fully relativistic norm-conserving pseudopotentials,
generated in the local-density approximation (LDA) with
Pseupo DoJo [51], together with a kinetic energy cut-
off of 72 Ry and a relaxed lattice constant of 5.60 A.
The phonon energies and perturbation potentials are
computed using density functional perturbation theory
(DFPT) [7]. Using our PERTURBO code [32], we compute
the e-ph matrix elements on coarse Brillouin zone grids
with 8 x8 x 8 k and g points, following which we generate
spinor Wannier functions with the WANNIER90 code [52]
and use them in PERTURBO [32], with a method we devel-
oped in Ref. [29], to jointly interpolate the e-ph matrix
elements and spin matrices. The long-range quadrupole
e-ph interactions [10, 11, 53, 54] are included to fully ac-
count for e-ph coupling with long-wavelength phonons.
We interpolate the e-ph matrix elements to fine Brillouin
zone grids with up to 200x200x 200 k and q points, and a
10 meV Gaussian broadening for the energy-conserving
delta functions in the e-ph scattering rates [42]. The
spin relaxation times in Eq. (30) are computed using the
tetrahedron integration method [55], assuming a non-
degenerate electron concentration of 10'6 cm™3. The
spin-phonon BSE in Eq. (32) is solved with an augmented
iterative approach described in Ref. [30].

Using our first-principles spin-phonon BSE, we com-
pute the spin relaxation time for electron spins in GaAs,
and obtain a value 51 ps at 300 K in excellent agreement
with the experimental value of 42 ps [56]. We also obtain
an average e-ph collision time of 410 fs, computing using

-ph dfn
<Tc—ph> — an Tsnl,;)k (Enk:)(_ J;Ek)

Yo (— L)

and an average vertex correction (A*) ~ 171, computed
from

(53)

2 dfn
D ke [Stmrel AG g (Enke) (— {1;)

2 d,
an ‘Sank| (_ %)

These “real-material” values for GaAs are shown with a
dot in Fig. 4(a) and (b), where we also show spin relax-
ation times and vertex corrections obtained by artificially
varying the average e-ph collision time (by rescaling the
e-ph matrix elements). The resulting trends show that
the spin relaxation times are inversely proportional to

(A7) = (54)
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FIG. 4. First-principles calculations of (a) vertex corrections
and (b) spin relaxation times for electron spins in GaAs, com-
puted at room temperature and plotted as a function of the
average e-ph collision time. The arrows indicate the values
for the real material, GaAs (black dot), while the other val-
ues are obtained by rescaling the e-ph interaction strength, as
explained in the text. The vertical dotted lines are placed at
the inflection points of the spin relaxation times, and separate
the EY, DP, and strong-precession regimes.

the e-ph collision time, placing GaAs in the DP spin-
relaxation regime.

Upon decreasing the average e-ph collision time (7¢Ph)
in Fig. 4(a), the system evolves from the DP to the EY
regime, and the vertex correction first increases and then
saturates to a maximal value of ~1900 in the short e-ph
collision time limit. As a consequence, the spin relax-
ation time in Fig. 4(b) peaks at (7°P") =~ 0.09 ps and
then decreases linearly at shorter e-ph collision times.
This crossover from the DP to the EY mechanism, ob-
tained here by artificially tuning the e-ph collision time
in GaAs, is consistent with the results from our model
system.

Conversely, when the e-ph collision time is increased,
the system transitions from the DP to the strong-
precession regime: Fig. 4(a) shows that the vertex cor-
rection first decreases as (7°P")~2 and then plateaus to a
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TABLE II. Summary of the Elliott-Yafet, Dyakonov-Perel,
and strong-precession regimes.

EY DP Strong-precession
Spin-flip Spin precession  Spin precession
1 1
A ~ 2 ~ A2(7eph)2 ~1
-ph
TS Te ph N 1 N Te,ph
b2 A27—e—ph

minimal value close to unity for long e-ph collision times.
Accordingly, the spin relaxation time in Fig. 4(b) reaches
a minimum for (7¢P") ~ 3 ps and then increases linearly
at longer e-ph collision times.

In summary, real materials exhibit the same spin re-
laxation mechanisms and vertex correction trends as our
two-level system. These regimes for phonon-induced spin
dynamics are summarized in Table II. The presence of
three distinct spin-relaxation regimes is general, and we
expect it to be valid beyond the case of a simple semi-
conductor (GaAs) studied here.

V. DISCUSSION

Our formalism can capture all three of the EY, DP
and strong-precession regimes in a unified framework.
The reason can be inferred from the diagrammatic rep-
resentation of the spin-phonon BSE in Fig. 1(c). In the
diagrams, the EY relaxation is due to e-ph scattering
in the presence of spin mixing, which originates from
the e-ph interactions [g,/m/ (K, q)]" and gnm. (k,q) and
the wiggly line in the kernel of the BSE. The DP and
strong-precession mechanisms are included by virtue of
the electron propagators with two different band indices,
GOmik+q9'm’k+q, Placed between the wiggly line and the
spin vertex. These propagators take into account spin
precession (due to the SOC field) between e-ph colli-
sions. This elegant formalism captures a wide range of
spin physics in a single diagram.

Although our discussion has focused on T spin relax-
ation times, the spin decoherence times 75 at finite mag-
netic fields can also be computed, as we plan to show
in future work. Finally, the approach presented in this
work for the phonon-dressed vertex is general and goes
beyond spin relaxation. It can be employed to study the
dynamics of any observable that couples with phonons,
for which we also expect to find the three phonon-induced
relaxation regimes discussed above for spin dynamics.

VI. CONCLUSION

We have formulated a theory for the vertex cor-
rections from e-ph interactions to the susceptibility
of a non-diagonal operator. The key result is a self-
consistent BSE to calculate the phonon-dressed vertex,



which encodes the dynamics of the operator coupling
with phonons. When applied to spin, this approach
enables quantitative calculations of spin relaxation
and decoherence [30]. We have shown that our spin-
phonon BSE captures both spin-flip transitions and spin
precession, unifying the treatment of three spin deco-
herence mechanisms (EY, DP, and strong-precession)
conventionally treated with separate heuristic models.
By leveraging efficient workflows for first-principles
e-ph calculations [32], our method enables quantitative
studies of spin relaxation and decoherence in a wide
range of bulk and two-dimensional materials, as we
show in the companion paper [30]. These advances
open new avenues for understanding spin relaxation and
decoherence in spintronics, magnetism, multiferroics,
quantum materials and quantum technologies.
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Appendix A: Ward identity

We derive a Ward identity for our BSE in Eq. (13). The
Ward identity relates the vertex corrections with the elec-
tron self-energy [1, 4, 37], and guarantees that diagrams
are taken into account consistently in the self-energy and
in the BSE for the vertex [1, 4, 37].

For a system with Hamiltonian H, the operator A s
related to the the negative derivative of the Hamilto-
nian with respect to the external field F, A = -V rH.
We compute the change of the Fan-Migdal self-energy in
Eq. (2) with respect to F, by taking the derivative

VJ:Enn/k: (iwa)

1
B _BNunc Z

mm/ll'qu,iq.

[gn’m’u(k7 q)]* Inmv (k7 q)

X qu(iQC) (V]:gmm’k(iwa + ch)) .
(A1)

Employing the matrix identity

VrGmme = — Z Gk [V7(G )] p, Girmee

174

=- Z Gmik (—VrHyk — VrEue) Grmk,
w

(A2)
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we obtain a self-consistent equation for the self-energy
derivatives:

VrXnnk (iwa)
1
B 76quuc Z

mm/ll'qu,iq.

[Gnrm (K, Q)]* Inmw (K, q)

x DVq(iqC)gmlk+q (iwa + iqc)gl/m/k+q (iwa + ch)
X (V}-Hll/k: + V}-Ell’k(iwa + ch)) .
(43)

Comparing Eq. (A3) and Eq. (8) in the iv, — 0 limit,
we discover the Ward identity expressed in terms of the
Hamiltonian, vertex corrections, and self-energy:

(VrH)A(iwg, iw,) = VrH + V £#X (1w, ), (A4)
where (VrH)A(iwg,iw,) = (85}’;"“)A2n,k(iwa,iwa).

Equation (A4) can be equivalently expressed in terms
of the operator matrix elements AY, .,

82nn’k(iwa)

OF« (45)

« « . . _ «a
Ann’k:Ann’k(Zwav Zwa) - Ann’k -

Our expression for the Ward identity in Egs. (A4)-
(Ab) is consistent with the Ward identity for the velocity
operator derived in Ref. [4]:

6Zrmk (zwa)

el (A6)

@ « . . _ L«
vnnkAnnk (Zwa? ’Lwa) = Unnk +

as the velocity operator is defined as ¥ = VrH with
F = k. This result further validates our BSE for the
phonon-dressed vertex.
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