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We quantify the presence of spin-mixed states in ferromagnetic 3D transition metals by precise
measurement of the orbital moment. While central to phenomena such as Elliot-Yafet scattering,
quantification of the spin-mixing parameter has hitherto been confined to theoretical calculations. We
demonstrate that this information is also available by experimental means. Comparison of ferromagnetic
resonance spectroscopy with x-ray magnetic circular dichroism results show that Kittel’s original derivation
of the spectroscopic g factor requires modification, to include spin mixing of valence band states. Our
results are supported by ab initio relativistic electronic structure theory.
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Spin-orbit coupling (SOC) in ferromagnets enables
many mechanisms that affect the efficiency and perfor-
mance of many magnetic phenomena [1], e.g., functionality
of spintronic devices, Dzyaloshinskii-Moriya interaction
and topological magnetism [2-4], magnetocrystalline
anisotropy [5], magneto-optic and magnetic dichroism
[6], as well as quantum spin-Hall effect [7]. On a micro-
scopic band structure level, SOC affects the purity of spin-
polarized bands in a magnetic metal—essentially mixing
the spin states [8]. Such spin-mixing effects can lead to
Elliot-Yafet spin scattering which drives the relaxation of
magnetization dynamics [8—12]. Although assumed, the
absence of measurement capability to quantify spin mixing
leads to additional uncertainty of the role such scattering
mechanisms play in, for example, ultrafast magnetization
dynamics and switching [9]. SOC also generates finite
orbital moments in solids that would otherwise be entirely
quenched from the crystal field [13]. Quantifying the
orbital moment in thin films is primarily limited to
ferromagnetic resonance spectroscopy (FMR) and x-ray
spectroscopic methods such as magnetic circular dichroism
(XMCD) because neutron scattering approaches [14—-16]
and electron magnetic circular dichroism [17] lack a
sufficient signal-to-noise ratio needed for the precise
measurement of orbital moments in thin films.

In the case of FMR, the orbital moment is determined
through the measurement of the spectroscopic g factor. The
fundamental assumption that defines ¢ is that the FMR
frequency w is proportional to the effective field H.¢ given
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by the so-called Kittel equation [18] Zw = gupuoH .,
where 7 is the reduced Planck’s constant, p, is the
permeability of free space, and up is the Bohr magneton.
Using first-order perturbation theory, Kittel was able to
relate g to the ratio of orbital moment x; and spin moment
us 13,191,

-2
s

Originally derived in 1949 by Kittel, this expression has
been used and applied in almost all FMR based experiments
used to characterize ferromagnetic systems. In its derivation,
Kittel intentionally dismisses second-order terms that take
into account spin-mixed states. Although acknowledged,
they were assumed to be insignificant within the measure-
ment limitations of the time. However, modern broadband
FMR techniques can routinely measure values of g with a
precision that goes to the third decimal place or approx-
imately 0.1% of the g factor [20,21]. As a consequence, this
assumption must be reexamined.

Core-level x-ray spectroscopy can also be used to
determine y; and ug. Such element-specific measurements
are typically collected at synchrotron-based light sources
[22-25], and more recently, tabletop light sources [26-28].
The absorption of circularly polarized x-ray photons
resonant with core-level energies excites electrons with
predominantly opposite spins across the spin-orbit split L5
and L, edges of 3D transition metals and an imbalance of
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FIG. 1. (a) Transmission spectra across the Co L edge for

both left hand circular polarized (LCP) and right hand circular
polarized (RCP) photons for the 7c,z. = 0.26 nm sample. (b) The
normalized XMCD spectrum taken from the data in (a) along
with the integral of the XMCD spectrum. Graphic representations
of p and ¢ are indicated. (c) Example of the imaginary and real
S21 signal measured as the magnetic field is swept through the
FMR at 45 GHz. (d) The resonance field H, versus frequency
along with the fit used to determine the g factor for the fcop. =
0.22 nm sample.

up and down spin final states in the unoccupied conduction
band produces a large asymmetry in the absorption
probability. An example of this effect for the Co L edge
is given in Fig 1(a). The separate contributions of x; and pg
can be determined by applying appropriate magneto-optical
sum rules that are essentially weighted sums of the dichroic
spectrum normalized by the spin-integrated x-ray absorp-
tion spectrum. The ratio of the orbital and effective spin
moments simplifies to [22,29-33],

He 2\ ¢q

ugt (3> 3p-2q° @
where ¢ is the value of the XMCD spectrum integrated
across both the L; and L, edges, p is the value of
the XMCD integral across only the L; edge; we refer to
Fig. 1(b) for an illustration.

In this Letter, we compare values of y; /ug obtained with
both XMCD and FMR taken on identical samples. We
account for all known factors that can lead to a discrepancy
between measurement approaches and show that higher-
order corrections that take into account the mixed spin states
must be included in Eq. (1). More importantly, this analysis
leads to the ability to quantify the spin-mixing parameter for
valence electron states. The measurements agree with results
from relativistic electronic structure theory.

Samples were dc magnetron sputter deposited while being
rotated at ambient temperature in a chamber with a base
pressure of approximately 1.3 x 10~7 Pa (1 x 10~ Torr).

The sample multilayer structure consisted of eight bilayers
of [CogoFe;g(tcore)/Ni(3fcore)]  Wwith an  additional
CoggFe g(fcore) layer at the top interface. A Ta(3)/Cu(5)
seed layer and a Cu(3)/Ta(3) capping layer were also used,
where the thickness is given in nanometers. Samples were
deposited simultaneously on rigid, thermally oxidized Si
substrates and Si;IN; membranes. Both substrates produce
identical samples, as confirmed by FMR measurements
taken on both substrates. Additional details of sample
fabrication and characterization can be found in Ref. [34].
A 20 nm thick NigyFe,, sample was also fabricated from a
stoichiometric sputtering target.

The magnetic anisotropy and g were characterized with
broadband vector network analyzer (VNA) based FMR in
the perpendicular geometry. After the sample was placed
face down on the waveguide, the complex transmission
parameter S21 was measured using a VNA with a band-
width of 1-70 GHz. Figure 1(c) shows an example of the
real and imaginary S21 measured at a fixed frequency as
the magnetic field is swept through the FMR. These data
are analyzed via the methods outlined in Ref. [35].
The resonance field as a function of frequency is fit to
the out-of-plane Kittel equation for a thin film as given as
f(Hres) = gﬂOﬂB/ZHh(Hres — M) where My is the
effective magnetization defined as Mz = M, — H,,
where M, is the saturation magnetization and H; is the
perpendicular magnetic anisotropy. An example data set that
is fit is shown in Fig. 1(d). Since the in-plane anisotropy is
negligible in our case (<1 mT), such a term is not included.
We apply the methods presented in Ref. [20] to increase the
precision of g. It is important to point out that this method for
determining ¢ is independent of assumptions made about
inclusion or exclusion of additional anisotropy terms as well
as any misalignment of the external magnetic field during the
measurement [20,21].

In XMCD spectroscopy, the magnetic signal is propor-
tional to the projection of the photon helicity vector along the
magnetization direction of the sample (¢}, - 7). The dichroic
spectrum is typically generated by reversing either the
direction of the helicity or the magnetization, and recording
the difference in the x-ray absorption intensity. We employ
both methods in separate studies of CoggFe;,/Ni multilayers
and NigoFezo thin films.

For the CogyFe;o/Ni multilayers, we employed the soft
x-ray elliptical undulator at BESSY II to perform trans-
mission x-ray absorption spectroscopy (XAS) and XMCD
measurements. A superconducting magnet was used to
apply a saturating static magnetic field of yoH =3 T
oriented both along the photon beam direction and
perpendicular to the plane of the sample. The photon
energy was scanned through the transition L edge for
Fe, Co, and Ni, which spans 695-760 eV, 750-840 eV, and
820-920 eV, respectively. The 90% circular polarization of
the soft x-rays was adjusted between left- and right-
polarization states by the undulator. All XAS data were
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corrected for the spectral contribution of the nonmagnetic
Ta(3)/Cu(8)/Ta(3) layers in each sample following the
procedure in Ref. [32], and the resulting transmission
spectra were converted to absorption spectra via Beer’s
law. The normalization process yielded nearly identical
preedge and postedge backgrounds. The difference in the
background was less than 0.1% for Co and Ni and 1% for
Fe; we attribute the increased background variation in
the Fe spectra to the low concentration of Fe in the ML
samples. These small background differences were used to
correct the XAS spectra to ensure the integrated XMCD
spectra (see below) exhibited flat preedge and postedge
spectral regions suitable for sum rules analyses.

We also acquired XMCD spectra for a 20 nm thin film of
NiggFe,,, measured at beam line U4B of the VUV ring at
the National Synchrotron Light Source at Brookhaven
National Lab. Here, the degree of circular polarization
was 70% and the film was saturated in the out-of-plane
direction in a £1.5 T field. XMCD spectra were acquired
by toggling the direction of the magnetic field for each
photon energy.

Figure 2(a) shows the elemental values of i /ug!t
obtained from XMCD measurements of the ML samples
for Fe, Co, and Ni, respectively. All values of y; /u$T show
a gradual and small increase at higher values of 1/7cpe,
consistent with an expected linear dependence on 1/#cgpe
[34,36,37]. The larger scatter and error bars for Fe are a
result of the reduced SNR and large background signal
owing to the small concentration of Fe relative to Co
and Ni. To directly compare to the FMR results, we must
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FIG. 2. (a) Elemental values of u; /uS" as a function of 1/#c,p.

for the ML samples. (b) Comparison of the total value of yi; /pSit

from XMCD and u; /us from FMR. (c) Values of u;/ug for
different values of b%. The shaded regions is XMCD result
bounded by the error bars. (d) values of y; /ug versus b> for the
NigyFe,, sample. The value obtained from XMCD is indicated as
the horizontal dashed line.

calculate the total of u; / ,u‘gff over all the constituents in our

sample, weighing elemental values to both the spin moment
and the fractional atomic concentration (see Supplemental
Material (SM) [38]). Figure 2(b) is plot of p;/ug and
ur/ ,ugff as a function of the inverse thickness as determined
via FMR and XMCD, respectively. These data show that
XMCD yields larger values relative to FMR by approx-
imately 50%, which is well outside of the error bars of each
measurement.

One factor that may contribute to an uncertainty in the
XMCD results is the effect of the spin dipole operator 7', to
the XMCD signal [39]. It is for this reason that Eq. (2) has
an effective spin moment in the denominator, which is
related to the spin moment ug via u§ = pg — 7(T.)up/h.
Previous calculations of (T',) for Fe, Co, and Ni indicate it
is at most a few percent of the spin moment [33]. However,
those same calculations also show that the spin dipole
moment can be as high as 12% of the spin moment at
surfaces and interfaces in some materials. Furthermore,
measurements taken on ultrathin epitaxial Co layers sand-
wiched between Au indicate the dipole term can be as high
as —0.86 up or approximately 50% of the spin moment in
the single monolayer limit [40]. To address this matter, we
performed explicit ab initio calculations of the spin dipole
moment of our sample geometries (see SM [38] and
Refs. [41-46] for details). Our calculations show a maxi-
mum enhancement of the 7(7.) value as high as 3.6% in Co
and 6.7% in Ni at 3 monolayers in thickness. However,
extending the calculation to values of thickness used in this
study, the value of 7(T".) becomes at most a few percent in
Co and is negligible for Ni for most samples in this study.
This is consistent with previous calculations and exper-
imental determination of (7.) in similar Co/Ni multilayers
[36,37]. As a result, effects of (T,) cannot explain the
discrepancy between XMCD and FMR.

We argue here that the discrepancy between FMR and
XMCD results originate from Kittel’s original derivation of g
[18]. In the original derivation of Eq. (1), only first order of b
(spin-mixed states), were considered, where b is defined by
the spin-up wave function |¥') = a| 1) + b||) and spin-
down wave function W) = a||) + b| 1) and a®> + b*> = 1
(see SM [38] and Ref. [47] for more information). However,
the increased precision of modern broadband FMR may lead
to the possibility of observing higher-order effects of b.
Following Kittel’s original derivation, a simple inclusion of
second-order terms in b (see SM [38] for full derivation)
yields the following relation between ¢ and pu; /us,

Hi g2+ 4(b?)
<MS>FMR =20 2Y) ®)

where (b?) is the spin-mixing parameter with the assumption
that (b*) < 1. By comparison with Eq. (1), this shows that
including the effects of spin mixing reduces the value of the
measured g factor. This can lead to an underestimation of
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ur/us if (b?) is neglected. We quantitatively explore the
effect of the second-order term on our data by replotting
(ur/us)pyr for various values of (b?) that range from 0 to
0.019 in Fig. 2(c). We see that exceptionally small values of
(b*) can yield significant changes in (u;/us)pyr- A fit
between the XMCD and FMR data yield a value of (b?) =
0.019 £ 0.001, which is visually represented in Fig. 2(c).
Similar conclusions are also obtained from a 20 nm thick
NgoFeyq film. Application of the sum rules to the XMCD
data yields values of (u;/ps)ni = 0.1304 +0.006 and
(ur/ps)pe = 0.0668 £ 0.005 for the Ni and Fe and a total
value of (up/ps) i = 0.0998 £ 0.006. Precision FMR
measurements taken in the perpendicular geometry on an
identical 20 nm NigyFe,, sample yields a value of g =
2.104 £0.002 and an uncorrected ratio (uy/ps)pvr =
0.052 4+ 0.001. To visualize the effect of a finite (bh?),
we plot (ur/ps)pmr determined from Eq. (3) as a function
of the spin-mixing parameter (b*) in Fig. 2(d). Also
included as the horizontal dashed line is the value obtained
from XMCD. A fit yields a value of (h?) = 0.022 =4 0.003.
For comparison, we present ab initio calculations of the
value of (b?). The first-principles density functional theory
(DFT) calculations are performed with the Vienna ab initio
simulation package [48]. Plane-wave projector augmented
wave basis is used in Perdew-Burke-Ernzerhof generalized
gradient approximation for exchange-correlation potential.
The energy cutoff used is 400 eV. The Ni/Co multilayer
consists of 3 Co layers and 6 Ni layers, cleaved along
the (fcc)l11 direction. To facilitate the Ni-Co interface
reconstruction, we have optimized the atomic positions in
the multilayer by minimizing the Hellman-Feynman force
up to 0.1 eV/nm. The calculations of the spin-mixing
parameter (b?) are converged with respect to the k-mesh
sampling in the Brillouin zone. Furthermore, our DFT
calculations are complemented by Slater-Koster parame-
trized tight binding (TB) calculations with Cahmd [49].
These results are summarized in Table I for bee Fe, fcc Co,
and fcc Ni, together with data for an Co/Ni multilayer with
the same geometry, structure, and lattice constants as studied
experimentally here. We also include previous calculations
for Fe, Co, and Ni. One may note that all theoretical
calculations show some scatter in the detailed values of
(b?), but that they all give the same order of magnitude.
Both samples studied here have 75 to 80 at.% Ni content
and therefore it is no surprise the we obtain similar values

TABLE 1. Calculated values of (h?) at RT (25 meV) or
*80 meV.

Fe Co Ni Co/Ni
This work (DFT) 0.045 0.030 0.033 0.051
This work (TB) 0.031 0.012 0.024 0.027
Refs. [9,12] 0.024 0.011 0.025
Ref. [8] 0.028* 0.025*

for (b?). Future work is required to make more comparisons
between XMCD and FMR that span materials having
varying degrees of spin mixing. Since Ref. [50] makes
use of the same FMR protocols, we make a crude
comparison between elemental films of Fe and Ni and
other published results from XMCD. However, since the
sample structure, thickness, and growth conditions differ,
quantitative analysis is not possible. In addition, trans-
mission XMCD is the only method that can give absolute
absorption cross sections, so detection schemes used in
previous studies may introduce additional artifacts [33].
For Ni, FMR yields g = 2.184 + 0.002 and an uncorrected
ur/us = 0.095, while XMCD yields pu; /pug = 0.25 [51],
0.28 [31], and 0.19 [30]. The large discrepancy between
FMR and XMCD in Ni supports our findings. Similarly
for Fe, FMR yields a value of g = 2.085 £ 0.003 and an
uncorrected u; /us = 0.042, whereas published values
obtained with XMCD yield u; /ug = 0.055 [52], 0.043
[32], and 0.058 [53]. Here the difference between FMR
and XMCD is still present, but more subtle, suggesting a
reduced spin-mixing parameter for Fe.

While identifying the need for higher-order terms in
Kittel’s original derivation is a substantial finding in and of
itself, the significance of this work is better expressed in
gaining the ability to experimentally measure the parameter
(b?). Further refinement of Eq. (3) though a more rigorous
second-order perturbation theory may lead to even more
accurate determination of (h?). Prior to this, values of (b?)
could be determined only through first-principles calcu-
lations, which are challenging due to the required numeri-
cal accuracy. The (b?) values are very sensitive and often
require significantly large k-mesh sampling of the Brillouin
zone which makes the calculations numerically expensive.
Moreover, a slight variation in the evaluated (h?) values is
to be expected within different DFT based techniques
owing to the smallness of the parameter, and the sensitivity
with respect to computational parameters such as choice of
basis set, treatment of relativity, dependence on energy
function, etc. Experimental evidence of the spin-mixing
parameter was primarily limited to the Elliott-Yafet descrip-
tion of spin scattering that is often used to explain ultrafast
magnetization dynamics [8—11]. However, quantification
of (b?) with ultrafast experiments is highly dependent on
the model used to fit such data [9]. Such complex models
are continuously evolving since they include many inter-
actions between spins, photons, phonons, magnons, and
spin currents [9,54-56]. By independently quantifying
(b?) through the quantification of orbital moments, such
ultrafast models (or more generally Elliott-Yafet spin
scattering) can be refined by excluding (b?) as a fitting
parameter. Most importantly, quantifying the ground state
spin-mixing parameter has profound implications for any
condensed matter system where spin plays an important
role in the overall Hamiltonian where the description of
“pure” spin states is not accurate: such as ferrimagnets,
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antiferromagnets, Weyl semimetals, superconductors, and
topological insulators.
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