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Electron-phonon coupling in ferromagnetic Fe-Co alloys from first principles
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We calculate from first principles the electron-phonon coupling strength in ferromagnetic iron-
cobalt Fe;_,Co, alloys for compositions ranging from x = 0 to z = 0.75. We find strong, spin-
dependent variation of the electron-phonon coupling strength with alloy composition. The minimum
of the electron-phonon interaction is found near the composition x = 0.25. We analyze the variation
of the electron-phonon interaction with composition, as a function of electron spin, density of states,

electron-phonon matrix elements, and phonon frequencies.

Our results are in good qualitative

agreement with magnetization dynamics experiments.

I. INTRODUCTION

Electron-phonon coupling plays a key role in under-
standing the dynamic properties of magnets, includ-
ing Gilbert damping,[1] ultrafast demagnetization,[2] all-
optical switching,[3] and spin-dependent transport.[4, 5]
Engineering these magnetic properties requires an under-
standing of the material parameters, like electron den-
sity of states or electron-phonon matrix elements, that
affect the strength of electron-phonon coupling. Until
recently, studies of electron-phonon coupling strength in
magnets have focused on only a small subset of ferro-
magnetic materials, namely the elemental ferromagnets
Ni, Fe, and Co. However, many ferromagnets are al-
loys of transition metals. One such example is the Fe-Co
alloy. Magnetic damping in the Fe-Co alloy was only
recently measured.[6] Interestingly, Ref. 6 reports signifi-
cant changes in damping as a function of the Fe-Co alloy
composition. In particular, the lowest damping was mea-
sured in the Feg 75Coq.25 alloy, the same alloy composi-
tion that the density of states is lowest. Measurements
of the minimal damping in this composition has been re-
ported by others.[7, 8] More recent experiments showed
that the demagnetization response is maximized in this
composition due to a minimum in the electron-phonon
energy transfer coefficient,[9] a quantity that depends not
only on the density of states but also the electron-phonon
matrix elements.

Our goal in this work is to understand the composition
dependence of the electron-phonon coupling strength in
the ferromagnetic Fe-Co alloy. As we detail in Sec. II,
surprisingly few computational first-principles studies of
the electron-phonon coupling strength in ferromagnetic
alloys exist, aside from the study of electron-phonon en-
ergy transfer coefficient in Ni-based alloys.[10] Although
A has been reported for pure Fe and Co, [11] no results
have been reported for A in Fe-Co alloys. On the other
hand, similar studies exist for many non-magnetic alloys
as a function of their composition. The electron-phonon
coupling strength in some alloys, such as V-Cr, varies lin-
early with composition,[12] as one might expect from a
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rule of mixtures. But in other cases, such as Nb-Mo,
there is non-linear dependence of the electron-phonon
coupling strength on the composition.[13]

In this work we use first principles density functional
theory to compute the electron-phonon coupling strength
A in Fe-Co alloys. We find that A varies strongly, and
non-monotonically, with alloy composition, reaching a
minimum near the aforementioned Feg 75Cog.05 compo-
sition. We perform a spin decomposition of A and find
that the majority-spin contribution to A monotonically
decreases with the alloy composition, while the opposite
is true for minority-spin. We further analyze the quanti-
ties driving the composition dependence of A and we find
that while the density of states plays a dominant role,
the magnitude of the electron-phonon matrix elements
also varies strongly with the alloy composition. We com-
pare our theoretical results with experimental estimates
of the electron-phonon energy transfer coefficient in Fe-
Co alloys across a range of compositions [9] and find that
our results are qualitatively in agreement with the exper-
iment.

The structure of this paper is as follows. In Sec. II, we
discuss previous experimental and theoretical values of
the electron-phonon coupling strength in metallic alloys.
In Sec. III, we detail how we decompose the electron-
phonon interaction strength into their spin components.
Then in Sec. IV, we show the results of the first-principles
density functional theory for the electron-phonon cou-
pling strength in ferromagnetic Fe-Co alloys. We analyze
separately the strengths of majority- and minority-spin
components in order to reveal the origin of the nonmono-
tonicity. We also compare our results with experiments.
In Sec. V, we conclude.

II. ELECTRON PHONON COUPLING IN
ALLOYS

The dependence of A on alloy composition has been
studied for various nonmagnetic alloy systems. These
include empirical values of A, estimated from the ra-
tio of the Debye temperature and the superconduct-
ing transition temperature, in ordered and disordered
alloys,[12, 14] as well as first principles calculated A
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in virtual crystal approximated alloys[15-17], ordered
alloys,[18] and disordered alloys.[19, 20] Naively, one
might think that A in an alloy A;_,B, with composi-
tion = could be calculated by linear interpolation from
the electron-phonon coupling strength of metal A (Ay)
to that of metal B (Ag). To evaluate how well the linear
model approximates A, we computed

)\linear

= (1*I)AA+:C)\B (1)

for the various alloys in the literature. For many of the
alloys, the literature contains values for A for only part of
the range of compositions. For these, we linearly inter-
polate from A at the lowest available composition Z i,
to A at the highest available composition zy,.x using a
simple generalization of Eq. 1,
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B W .. LS WP )

)\linear _
- Tmax
Tmax — Lmin

Tmin
— Zmin

Tmax
However, as expected, this naive linear approximation
is valid only for a few alloys. The deviations from
the linear behavior are quite commonly reported in the
literature,[12-14, 16-22] as summarized in Fig. 1. The
vertical axis in Fig. 1 shows A and the horizontal scale
of the figure shows the composition ranging from x;, to
Tmax for each alloy based on the available data.
We further quantify the deviation from the naive linear

x 100 for each alloy, as

_lincar

model by computing A)JlT
shown in Fig. 2.

As can be seen from Fig. 2, the V;_,Cr, alloy in the
range of x = 0.1 to « = 0.5 has a reported relative devia-
tion from the naive linear estimation of only -1%. On the
other hand, in Ti-V and Mo-Re alloys, the deviation from
linear dependence is up to 20%, while in the Pb-T1, VN-
NbN, Nb-Mo, and Ta-W alloys it is even greater, around
+ 40%. The largest deviation from the linear regime,
about 80%, was found for ordered Cug/4Au, 4 alloy. We
note that the linear dependence of A on composition in
some alloy systems (Zr-Rh, Ag-Zn, Pb-Bi, and Ag-Al) is
due to a relatively narrow reported range of composition

Our results on the ferromagnetic Fe-Co alloy are shown
in the bottom left panels of Fig. 1 and Fig. 2 in black.
We find that )\ of Feg.o5Cog 75 is about 70% smaller than
that predicted by the naive linear model, Al»ear,

We now turn our attention to the definitions of key
quantities that we will use to study the electron-phonon
coupling in Fe-Co alloys.

III. METHODS

The strength of electron-phonon coupling is often mea-
sured by a single dimensionless number, A.[12, 23] The
coupling constant A is defined as a double sum over the

Fermi surface,

A= NFNNZ g;klgmmkq
X 5(6nk — EF)(S(Em}C+q — GF). (3)

We denote the total density of states at the Fermi level,
for both spin channels, as Ng, the number of sampled
k-points in the electron Brillouin zone as N, and num-
ber of sampled ¢-points in the phonon Brillouin zone as
N,. The phonon frequency is wg, . The first sum in Eq. 3
goes over phonon ¢ points and branches v, while the sec-
ond sum goes over k points and electronic bands m and
n. For now, spin indices are incorporated into the band
indices. The energy conservation is maintained by the
two delta functions. The electron-phonon matrix element
Imnw (K, q) from Eq. 3 is defined as

[ h
gmnu(ka q) = m<ka+q‘aqu‘wnk>' (4)

Here, 04,v is the periodic modulation of the crystal po-
tential v due to phonon (g,v) that allows an electron in
the state (n, k) to scatter to state (m,k + q).

A. Spin-resolved measures of electron-phonon
interaction

For materials with a small spin-orbit interaction, the
electronic states have a well-defined spin. Therefore,
from now on we use 0 = 1 or o0 = | to index the Bloch
state 7, with a specific spin state. In the small spin-
orbit limit the dominant scattering is between states of
equal spin,

o / h o o
g’rnnl/(kv q) = m <w7nk+q ‘6‘1VU‘¢nk>' (5)

Under this assumption, the sums over m and n in Eq. 3
trivially decompose into two separate sums, one where
both bra and ket states have o = 1 and another where
both states have o = | component.

With this separation, A from Eq. 3 decomposes into
two terms, one for each spin channel o,

A= AT 4k (6)
The spin-dependent quantity A? is defined as

g

:NT NiNkN Zhw ZIgmmkq

X 6( €nk — GF) 5 (emk-i-q - 6];‘) . (7)

The only difference between total A from Eq. 3 and spin-
resolved A7 from Eq. 7 is that the former involves a sum
over all states, while the latter sums over states with
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2. Same as Fig. 1 but now instead of A we show deviation of A from the linear model given by Eq. 2.



fixed spin o. Importantly, in Eq. 7 of the spin-resolved
quantity A7 we still have the total density of states Ng =
Ng + Né in the denominator.

In what follows it will be convenient to work with
the Eliashberg spectral function, a?F(w), as it keeps
track of the phonon frequencies w which connect the
electron states with wavevector k£ to a state with the
wavevector k + ¢, both of which are at or near the Fermi
surface.[12, 24] We denote the wavevector of a phonon
with ¢. In analogy to the decomposition of A into two spin
components, we decompose the Eliashberg spectral func-
tion into contributions from each spin channel, a? F7 (w).
We define this spin-resolved quantity so that integrating
over dw/w gives back our additive spin-resolved \7,

w

*d
- 2/ & a2F7 (). (8)
0
Therefore, clearly, in analogy to Eq. 6 we have
&?F(w) = *FT(w) + o*F*(w) (9)

where a?F(w) is the conventional Eliashberg spectral
function used, for example, in the study of superconduc-
tivity and elsewhere.

1. Alternative definition: non-additive A

Previous work on electron-phonon coupling in ferro-
magnetic metals, Ref. 11, introduced a different measure
of spin-resolved electron-phonon coupling strength. In-
stead of dividing by the total density of states, as in Eq. 7,
we divide by a spin-resolved density of states. This leads
to a quantity A7 ;4 which is related to A” simply as,

N} 4+ N}

nadd = %XI- (10)

Clearly, such A7 4 is no longer additive over spins. In-
stead, using Eqs. 6 and 10 we have the following relation,

™yt 4
_ NF/\nadd + NFAnadd

A
N} + N

(11)

While definition of A?_;; somewhat complicates its re-
lation to the total A, a common measure of electron-
phonon interaction in the literature, the quantity A7, 4
has another convenient property. If we for a moment ne-
glect some of the details of the electronic band structure,
and assume that the electron-phonon matrix elements on
the Fermi surface are independent of band indices m, n,
then the matrix element can be taken out of the double
sum, and the sum over the two delta functions gives us
(NZ )? which partially cancels Ng from the denominator.
Therefore, relationship between non-additive A¢, ; and
the average electron-phonon matrix element (g2) for a
given spin-channel is particularly straightforward,

Aaad = NE(92). (12)

On the other hand, if one wanted to relate our additive
A% to the average matrix element, combining Eqgs. 10
and 12 would lead to a less intuitive relationship with
the average matrix element strength,

o_ _(NE)?

= ——"—(g2). (13)
N} + N

B. Relationship to electron-phonon energy transfer
coefficient G

Now we relate our A and A7 to the electron-phonon en-
ergy transfer coefficient G. This coefficient describes the
rate of energy transfer between electrons and phonons per
unit volume and per temperature difference of electrons
and phonons. Within the two-temperature model of elec-
trons and phonons for a nonmagnetic system,[25] G is
proportional to the total density of states Ng = NPT + Nlﬁ
and A. This model implicitly assumes that majority and
minority spins are thermalized with each other at all
times. With this assumption, the effective G for a spin-
polarized system is given as,

’/T/CBh

C

G:

[(Ng + Né) (A + Ai)} W% (14)

using additive A7, or equivalently

7T]€Bh
Ve
using the non-additive variant. Here V. is the unit cell

volume (per atom), and (w?) is a weighted average of the
square of the phonon frequency, defined as[12]

2
2\ __
W9 = S

G= (Ng)‘iadd + Né)‘iadd) <W2> (15)

/000 dw w [0*FT(w) + o®FH(w)], (16)

with units of meV2. Equations 14 and 15 give a nu-
merically equal energy transfer coefficient G. Therefore,
additive A% or non-additive A7 ,, can be used to com-
pute G. The only difference between the two equations
is that they implicitly assume a different thermodynamic
description of the electronic system. In the case of Eq. 14
one considers the electronic system in a ferromagnet as
one unified thermal reservoir. The effective electron-
phonon coupling strength for this system is then the sum
of AT and A*. In contrast, in the case of Eq. 15, one imag-
ines the electronic system as consisting of two reservoirs,
one for each spin, and each subsystem has its density of
states and effective electron-phonon coupling strength.

As with A\, we can separate G into its majority-spin
part GT and minority-spin part G*,

G=G"+G* (17)

where the electron-phonon energy transfer coefficient for
spin channel o is defined as
wk B h

G° =
Ve

(NJ: + Nj) 2 /oo dw wa®F7(w).  (18)
0



Majority spin Minority spin

= Ordered 1 = Ordered
I

0.010 F

a2F°

0.005

0.000

0.008 F— Ordered h

0.0003 } -= VCA !
3 0.006
=~ 0.0002
= 0.004
3

0.0001 0.002

0.0000 0.000

0 0

w, meV

FIG. 3. o®F° and o®F7 /w for FeCo alloy calculated for an
ordered supercell (solid lines) and within the VCA (dashed
lines) for majority spins (left column) and minority spins
(right column).

C. Details of density functional theory calculation

In this work, we used the QUANTUM ESPRESSO com-
puter package[26, 27] for density functional theory cal-
culations. We selected non-relativistic ONCV pseudopo-
tentials [28] for Fe and Co. We used 90 Ry kinetic-energy
cutoff and 182 k points on a uniform grid to converge
wavefunctions. We used the density functional pertur-
bation theory to calculate the phonons on a coarse grid
of 43 ¢ points. We constructed Wannier functions us-
ing Wannier90,[29-31] and we computed the electron-
phonon matrix elements with EPW.[32, 33] The conver-
gence of A\ requires a small smearing parameter and a
large number of k-points and g¢-points. We vary these
parameters until convergence in the limit of zero smear-
ing and infinitely many k and ¢ points. We determined
that 723 k points and 242 ¢ points is sufficient to con-
verge A\?. To converge the density of states at the Fermi
energy, we used 1923 k points. We modified the native
EPW package to support spin-polarized calculations. All
of our calculations are done without including the spin-
orbit interaction, as it is relatively weak in 3d metals such
as Fe and Co.

D. Virtual-crystal approximation

In this work, we focus on Fe;_,Co, alloys in the range
of concentrations 0 < x < 0.75. Pure iron (x = 0) at
room temperature adopts a body-centered cubic struc-
ture (bce, space group Im3m). When Co is added to
Fe, the structure remains bee, but Fe and Co atoms are
randomly arranged on a bcc lattice. At a higher concen-
tration of Co (z = 0.5) there is a ordering of Fe and Co
atoms (Bg phase, space group Pm3m).[34, 35] At an even
higher concentration of Co (above around z = 0.75) the

bee phase is no longer favored and the preferred phase
is hexagonal close-packed (hcp). Therefore, we choose to
study the range of concentrations at which the alloy is
single phased and assume that the structure of the alloy
is bee or ordered By, depending on the concentration.
We model Fe;_,Co, alloys within the virtual crystal
approximation (VCA).[36] Briefly, we use two elemen-
tal pseudopotentials and combine them with the desired
fraction of each element to create an effective pseudopo-
tential of the alloy. Then we place the pseudopotential of
the alloy in the primitive cell of the bec lattice (2a site of
space group Im3m) to generate the bee alloy. The VCA
approach offers a computational advantage, because we
can use a single atom basis to represent arbitrary alloy
compositions x, eliminating the need for computationally
expensive supercell calculations. To compare our results
to that of a supercell, we computed A at x = 0.5 using
both approaches. To construct the supercell, we place Fe
in the la site and Co in the 1b site of the space group
Pm3m, resulting in an ordered (Bz) Fey/2Coy 5 alloy.
On converging both calculations we find that in the
ordered Fe;/5Coy/o alloy, A is 0.496 while in the VCA
approach A is surprisingly similar, 0.491. We find a simi-
lar agreement in AT and A*. To further compare these
calcul;autions7 we first recall that A\ is the product of
N
AT
ing the values obtained from both methods, we find that

T2
the VCA overestimates Jé]TvF) + by 20%, and underesti-

mates (g%) by 10%. The opposite is true for the minority

(Np)?
NI+NE
(gf) Therefore, the remarkably close agreement in A%
and A obtained from VCA and supercell is partly due to
accidental partial cancellation of errors in the densities
of states and electron-phonon matrix elements. To fur-
ther analyze our results, we compare the spin-resolved
Eliashberg spectral functions (shown in Fig. 3) and we
find that the supercell approach gives a spectral function
that has more features, especially at low frequencies. Fur-
thermore, we find some weight redistribution among the
peaks at higher part of the phonon spectrum. We assign
these differences to the folding of the band structure in
the supercell approach that is absent in the VCA. Given
the large number of k£ and ¢ points needed to converge
these calculations, the numerically precise calculation of
A for other values of = quickly becomes computationally
prohibitive.

and the average matrix element (g2). Compar-

spins: underestimation of and overestimation of

IV. RESULTS & DISCUSSION

Now we discuss the results of our calculations of A in
Fe;_,Co, for x between 0 and 0.75 in steps 0.125. In
the case of pure Fe (x = 0), we find X to be 0.23. As
we increase the Co concentration x, we find that A first
decreases for small x and then increases substantially for
larger x, as shown by the black line in Figure 4. The
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numerical values of A are also shown in Table I. Between
concentrations x = 0 and z = 0.125, )\ decreases by a
factor of 1.5. As the concentration increases further, we
find that A increases by a factor of 5 between x = 0.25 and
x = 0.75. Table I also contains numerical values of the
electron-phonon energy transfer coefficient G' calculated
using Eqgs. 14 and 16.

A. Resolving ) into electron spin

To understand the origin of the initial decrease fol-
lowed by a sudden increase in A as a function of z, we
use our decomposition of A into the majority-spin part
AT and the minority-spin part A*, as defined in Sec III.
We show in Fig. 4 the AT (red line) and A% (blue line)
as a function of the alloy composition x. We also show
the numerical values in Table I. The majority spin AT is
dominant over the minority spin A% in pure Fe (x = 0).
However, the previously dominant AT drastically reduces
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(vg)*
N+NE
log scale) and average electron-phonon matrix element (g2)
(bottom panel, linear scale). With increasing = the major-
2 2
(~i) (v¢)
NJ+NE N+ Ny
increases. The average matrix element of the majority spins
(97) increases with a while the minority spin (g7) is constant.

ity spin decreases, while the minority spin

in magnitude between = 0 and x = 0.25, and remains
small (around 0.02) until # = 0.75. The minority A%
has the opposite behavior. Although A' was small in Fe
(x = 0) it increases about 12-fold as concentration z of
Co increases from z = 0 to = 0.75. The cross-over from
AT > M to AT < A occurs already around 2 = 0.125.

Therefore, the dependence of A on x in Fe;_,Co, is
due to the different behavior of the majority-spin and
minority-spin channels. This behavior is in a clear con-
trast to the nonmagnetic alloys discussed in Sec. II, where
by definition AT = A*. Therefore, trivially, any nonlin-
earity in A(z) for a nonmagnetic alloy cannot come from
the different dependence of AT(z) compared to \*(z).



TABLE 1. Quantities related to the electron-phonon coupling in the Fe;—,Co, alloys. NZ, Ng in units of eV~ 'atom™!, (g2)
in units of eV, G in units of 10'” Wm 2K ~!, magnetic moment s in units of up/atom, and cell volume (per atom) V; in units
of A%, The theoretical results from Refs. 11, 37-41 and experimental result from Ref. 42 are included for comparison.

Fe (z =0) x =0.125 x=0.25 x = 0.375 xz=0.5 x=0.75
Ordered VCA VCA VCA VCA Ordered VCA
NI This work 0.693 0.366 0.147 0.151 0.148 0.145 0.147
Ref. 11 0.519
Ref. 39 0.76 0.12 0.12
Ref. 40 0.70
N This work 0.239 0.242 0.228 0.284 0.574 0.634 0.918
Ref. 11 0.312
Ref. 39 0.24 0.28 0.58
Ref. 40 0.27
Nr This work 0.932 0.608 0.375 0.435 0.722 0.779 1.065
Ref. 11 0.831
Ref. 39 1.00 0.40 0.70
Ref. 40 0.970
(93) This work 0.320 0.306 0.503 0.543 0.797 0.966 0.912
Ref. 11 0.1312
(97) This work 0.987 0.860 0.868 0.852 1.024 0.912 0.959
Ref. 11 0.561*
M a This work 0.222 0.112 0.074 0.082 0.118 0.140 0.134
Ref. 11 0.068
A This work 0.236 0.208 0.198 0.242 0.588 0.578 0.88
Ref. 11 0.175
AT This work 0.165 0.067 0.029 0.028 0.024 0.026 0.018
Ref. 11 0.042°
A This work 0.061 0.083 0.120 0.158 0.467 0.470 0.759
Ref. 11 0.066°
A This work 0.226 0.150 0.149 0.186 0.491 0.496 0.777
Ref. 11 0.108¢
el This work 4.76 1.69 0.499 0.551 0.792 0.637 0.641
Gt This work 2.49 2.34 2.19 3.46 15.1 14.8 27.2
G This work 7.25 4.03 2.68 4.01 15.9 15.5 27.9
Ref. 41 7.00
Ref. 37 20.8
Ref. 38 10.5
Ref. 42 8.804
Ref. 42 9.40°
u This work 2.25 2.37 2.34 2.35 2.23 2.28 2.01
Ve This work 11.50 11.57 11.53 11.49 11.42 23.16 11.27

& Calculated by inserting A _,, and NZ from Ref. 11 into our Eq. 12.
b Calculated by inserting AZ qq and Ng from Ref. 11 into our Eq. 10.
¢ Calculated by inserting A _,, and NZ from Ref. 11 into our Eq. 11.

4 Direct heating of the sample, as discussed in Ref. 42.
¢ Indirect heating of the sample, as discussed in Ref. 42



B. Resolving )\ into electronic density of states and
electron-phonon matrix elements

Next, we discuss the origin of the composition depen-
dence of AT and A+, We use Eq. 13 to decompose A7 into

Ve ond (g%). We begin with an anal-
Ni+NE o) &

ysis of the composition dependence of the spin-resolved
(Vg)?
NE+NE’

- 4 0 (Ng)?
Ng and Ng + Ng, see Table I). We observe that —5=—

qualitatively tracks the dependence of A? on composition
. (va)* (N)®
(). That is, at small z the NTANT 18 larger than NI NT
but with increasing = they switch. Clearly, a large part
of the dependence of A on the composition (x) comes
from the density of states. However, the matrix elements
also play a role in the dependence of AT on . The bot-
tom panel of Fig. 5 shows the majority <g%) (red line)
and the minority (gf) (blue line) as a function of x. The
same data are also included in Table I. As can be seen
in the figure and the table, the average electron-phonon
matrix elements depend on the Co concentration, . We
find that (g7) increases by nearly a factor of 3 from = = 0

to x = 0.75. Despite the increase in (g%), the 25-fold de-
(~8)*
NI+NE
tion in AT with z. On the other hand, the minority spin
<gf) is roughly constant with x, the difference between

a product of

quantity as shown in the top panel of Fig. 5 (for

crease in from x = 0 to x = 0.75 drives the reduc-

the largest and smallest <gf) is around 20%. We also note
that for all 2 the minority spin (g7) is larger than the ma-

jority spin (g%) In previous studies of transition metals,
the electron-phonon matrix elements with larger magni-
tudes were associated with states with particular orbital
character. For example, Ref. 43 reports that the matrix
elements for the scattering involving sp states have larger
magnitude than those involving d states in Ag. On the
other hand, 44 reports the opposite for Cu, Ag, and Au.
However, 45 reports no relationship between the matrix
element magnitude and the orbital character.

We now comment on the relationship between the av-
erage orbital character of states at the Fermi level and the
magnitude of the matrix elements. We start by project-
ing the Bloch states in each band n and for each wavevec-
tor k into Wannier function for a given spin channel with
approximate s, p, or d orbital characters. Then we an-
alyze the relative fraction of sp to d states at the Fermi
level for both majority-spin and minority-spin channels.
We show the results in Fig. 6. Our decomposition shows
that in Fe (z = 0) the majority spins have a d-like char-
acter and as x increases to 0.25 the character changes to
equal parts d and sp. Then for x above x = 0.25 the ma-
jority spins maintain their orbital character. This is not
clearly correlated with (g%% which increases continuously
with z. Therefore, we observe no simple relationship be-
tween the orbital character of the Fermi surface and the
<g%> However, the minority-spin orbital character is d-

like for all z, and the <gf) is roughly constant with . We
leave a more detailed analysis for future work.

C. Resolving A by phonon frequency

After resolving A into various electronic contributions,
we now focus on resolving A by phonon frequencies. First,
we analyze the phonon density of states F'(w), shown in
the top row of Fig. 7. We see that the phonon den-
sity of states is roughly unchanging with composition, as
expected from the similar masses and interatomic force
constants of Fe and Co. To analyze which phonons con-
tribute to A we computed the Eliashberg spectral func-
tion a?F(w), as defined in Eq. 8. The o> F(w) keeps track
of the phonon frequencies w with a dominant contribu-
tion to A. The black line in the middle row of Fig. 7
shows a?F(w) for different alloy compositions, .

In general, we find, as expected, that a?F strongly
varies with x, mirroring the strong variation discussed
earlier for the integrated quantity, A. Focusing on pure
Fe (r = 0) we see that a?F(w) has two peaks, one
near 22 meV and another around 37 meV. A third peak,
around 30 meV appears for x above 0.375. The relative
strength of the peaks changes as a function of z. For ex-
ample, at x = 0 the dominant peak is the low-frequency
one, while above x = 0.375 the mid-frequency peak dom-
inates, signaling a different electron-phonon scattering
channels for x above 0.375. Figure 7 also shows the de-
composition of o?>F into majority spin a?FT (shown in
red) and minority spin a?F* (shown in blue). From the
spin-decomposition, we see that the origin of the low-
frequency peak around 22 meV in pure Fe is from the
majority-spin channel. On the other hand, the appear-
ance of the mid-frequency contribution above x = 0.375
is mainly due to the minority spin channel.

D. Comparison with previous works

We now compare our results with the literature re-
sults. A in bec iron was empirically estimated[46] to be
0.9. Later calculations within the rigid muffin-tin ap-
proximation found A ranging around 0.5-0.9.[47, 48]

A more recent Ref. 11 reports density functional the-
ory calculations of the electron-phonon coupling strength
in pure Fe. The definition of electron-phonon coupling
strength from Ref. 11 is equivalent to our non-additive
A% 4q from Eq. 10. The reported values of the non-
additive A7 .4 are 0.068 for majority spins and 0.175
for minority spins. Our calculation of the same quan-
tity (AZ,4q) gives 0.222 for majority spins and 0.236 for
minority spins. Therefore, our /\ITladd is larger by about

a factor of 3 while our )‘iadd is larger by a factor of 1.3
than those reported in Ref. 11. Now we briefly analyze
possible sources of the disagreement between our results

and those reported in Ref. 11. First, we recall that A7 4
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is the product of NZ and (g2). Therefore, we can in-
vestigate whether the difference with respect to Ref. 11
originates from the spin-resolved density of states INg
or from the average spin-resolved matrix element, (g2).
These quantities are given in Table. I. Comparing the

10 20 30 400

10 20 30 40
w (meV)

10 20 30 400
w (meV)

10 20 30 400
w (meV)

states F' in the upper row and the Eliashberg spectral function
(blue) in the middle row. We show in the bottom row the o®F

values of spin-resolved density of states we find that our
NPI is 30% larger, while NP{ is 25% smaller, than that
reported in Ref. 11. The differences for the average ma-
trix elements (g2) are much larger. Our <g$> is nearly
2.5 times larger while (gf) about 2 times smaller. Ref. 11




reported sampling the Brillouin zone with 123 k points
and 123 ¢ points, compared to 72% k points and 243 ¢
points that we needed to converge \. We suspect that
this difference in convergence is the main reason why the
results of Ref. 11 differ from our results.

As we described previously in Sec. III B, the electron-
phonon energy transfer coefficient is a physically mea-
surable quantity closely related to A. Several values have
been reported in the literature for the electron-phonon
energy transfer coefficient. A semi-empirical[37] model
was used to estimate the electron-phonon energy trans-
fer coefficient in pure Fe to be 20.8 - 10'7 Wm™3 K1,
while a parameter-free model was used to obtain a value
of 10.5- 107 Wm~3 K~1.[3§]

The first-principles density functional theory was used
in Ref. 41 to calculate the energy transfer coefficient as
a function of the electron temperature. Extrapolation
of their results to zero temperature results in an energy
transfer coefficient of 7.00-10'” Wm™3 K~!. Using Eq. 14
we get a very similar result (7.25- 1017 Wm=3 K1) for
pure Fe (x = 0). Ref. 41 does not report G for Fe alloyed
with Co. G as a function of alloy composition x are given
in Table I.

We can also compare our results for G with the energy
transfer coefficients obtained from the experiment. Ul-
trafast demagnetization measurements were used to esti-
mate G in Fe [42] (shown in Table I) and Fe-Co alloys [9].
Ref. 9 reports a G at © =0 of 33-10'" Wm 3 K~ that
reaches a minimum at x = 0.25 (11 - 107 Wm=3 K1)
and then increases up to 53-10'” Wm™=3 K~! at = = 0.75.
Although there is a quantitative disagreement between
our results and G reported in Ref. 9, there is good qual-
itative agreement in the composition dependence of G.
From = = 0 to 0.25, we find a 2.7-fold decrease in G,
similar to the 3.1-fold reduction found in the experiment,
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and from z = 0.25 to 0.75, we find a 10-fold increase in
G, compared to the less dramatic 5-fold increase found
in the experiment.

V. CONCLUSIONS

The iron-cobalt alloy (Fe;_, Co,) shows strong depen-
dence of magnetization dynamics on composition, as re-
ported in Ref. 6 and 9. We investigated from first princi-
ples the spin-dependent strength of the electron-phonon
interaction in these alloys as a function of composition
(z). We find a rich dependence of the electron-phonon
interaction strength A on composition. Analyzing sep-
arately the contributions of the majority and minority
spins to A we find that both have strong, and oppos-
ing, variation with composition. Interestingly, the ma-
jority component AT decreases with x while the minor-
ity spin increases with . We show that these composi-
tional variations are driven by changes in both the den-
sity of states Ng and the average elements of the electron-
phonon matrix (g2). The understanding of electron-
phonon interaction strength in ferromagnetic alloy, such
as Fe;_,Co,, opens doors to a better understanding of
other magnetic phenomena, such as Gilbert damping,[1]
ultrafast demagnetization,[2] all-optical switching,[3] and
spin-dependent transport.[4, 5]
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