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Hf/Co20Fe60B20/MgO is an attractive alternative free-layer structure for the realization of high-
thermal-stability magnetoresistance random access memory (MRAM) because of its enhanced perpen-
dicular magnetic anisotropy (PMA). Writing energy, which is equally crucial for MRAM, is determined
not just by its PMA, but also by Gilbert damping and is so far unknown for this system. These param-
eters are particularly important in ultrathin Co20Fe60B20 (tCFB <1.3 nm) for implementation in MRAM.
Within this short thickness range, we find that the measured damping varies dramatically from approxi-
mately 0.026 to approximately 0.012. This strong thickness-dependent damping is attributed to extrinsic
spin-pumping effects as revealed by the large spin-mixing conductance of approximately 1020 m−2. It is
also found through first-principles calculations that the intrinsic damping in this system will be larger in
comparison to bulk Co20Fe60B20. We also establish that a previously excluded higher-order anisotropy
term is crucial in the accurate determination of interfacial PMA in Hf/Co20Fe60B20/MgO. Unlike similar
perpendicular heterostructures, this system provides wide tunability in damping, opening up opportunities
for niche applications in spintronics.
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I. INTRODUCTION

Magnetic tunnel junctions (MTJ) with perpendicular
magnetic anisotropy based on CoxFe80-xB20/MgO mate-
rial systems form elementary structures for realizing
high-density magnetoresistance random access memories
(MRAMs) with low power consumption [1–10]. One
of the extensively researched heterostructure designs for
MRAM is nonmagnetic metal (NM)/CoxFe80-xB20/MgO,
which is employed as a magnetic free layer in per-
pendicular MTJs (PMTJs) [2,11–14]. The NM, grown
sequentially as the underlayer or capping layer, is usu-
ally chosen to be a “boron-sink” material that can pull
boron atoms from the amorphous CoxFe80-xB20 film during
the postdeposition annealing process [2,14]. This process
results in the crystallization of bcc (001) Co-Fe, with
the MgO layer acting as the crystal template, and leav-
ing behind metal boride in the underlayer [14–16]. This
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epitaxy is crucial for achieving interfacial perpendicu-
lar magnetic anisotropy (PMA) and promotes coherent
tunneling thereby increasing tunneling magneto-resistance
(TMR) [1,2,17–19]. High thermal stability has also been
reported in NM/CoxFe80-xB20/MgO PMTJ structures [11].

Material selection for the NM layer is critical in
the optimization of the MTJ stack. Tantalum (Ta) is
the most popular NM layer in the magnetic free-
layer structure due to its high affinity with boron,
and because it allows subsequent bcc crystallization of
the adjacent CoxFe80-xB20 layer. Several NM underlay-
ers including Pd, Zr, Ru, W, Hf, and Mo have also
been investigated with the purpose of further increas-
ing the thermal stability and the TMR [2,12–14,20–22].
Perpendicularly magnetized NM/CoxFe80-xB20/MgO can
also be utilized for the development of alternative ultralow
power writing schemes via voltage-controlled magnetic
anisotropy (VCMA) or spin-orbit torque [23–29].

Hafnium (Hf) is a suitable alternative to Ta as a boron-
sink underlayer and has been demonstrated to enhance
PMA in CoxFe80-xB20/MgO compared to Ta, Ru, W, or
Pt [13]. Hence, Hf is a promising underlayer choice for
producing PMTJs with higher thermal stability. However,
optimization of PMTJs for MRAM requires a reduction
in switching current as well as improvement in ther-
mal stability within the same structure. The reduction in
switching current is dependent on both PMA and the
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Gilbert damping parameter, which thus far is unknown.
Integration of Hf/CoxFe80-xB20/MgO as the free layer
necessitates a comprehensive materials investigation of the
system. Fundamental understanding of unexplored interfa-
cial spin properties of the system including magnetoelastic
effects, spin-scattering mechanisms, spin pumping, and
spin-mixing conductance will guide engineering optimiza-
tions. In particular, in the context of free-layer develop-
ment for MRAM, it is vital to explore these properties in
the ultrathin limit of ferromagnet thickness, tCFB <1.3 nm.

In this work, we seek a comprehensive understanding
of the spin properties in ultrathin Hf/Co20Fe60B20/MgO
by integrating the techniques of magnetometry, ferromag-
netic resonance, and first-principles calculations. PMA in
the system is revisited by accounting for higher-order
anisotropy terms and the role of interfacial orbitals, which
addresses open questions about previously determined val-
ues of interfacial magnetic anisotropy. In addition, we
present a report on damping and the associated nonlo-
cal or extrinsic effects in magnetization dynamics such
as spin pumping and two-magnon scattering. We also
report the value of spin-mixing conductance, an impor-
tant parameter for spin pumping at the Hf/Co20Fe60B20
interface.

II. METHODS

A series of Hf-underlayer films are grown in a Singu-
lus Timaris sputtering system, with stack configuration—
substrate/seed/Hf(5)/Co20Fe60B20(tCFB)/MgO(2)/cap. The
seed layer is composed of Ta(5)/Ru(5) and SiO2(8) is
used as the capping layer. Nominal thicknesses are repre-
sented in parenthesis in nanometers (nm). Another series
of films—substrate/seed/MgO(2)/Co20Fe60B20(tCFB)/MgO
(2)/cap is sputter deposited as reference materials for mag-
netization damping studies. Postdeposition annealing is
carried out at 300 °C without breaking the vacuum.

Room-temperature magnetic moments are character-
ized using Micromag alternating gradient magnetometry
(AGM) on samples that are diced to 3 × 3-mm2-sized
coupons using an Okamoto dicer (ADM-6D). Magnetiza-
tion dynamics experiments are carried out in a home-built
vector network analyzer ferromagnetic resonance (VNA
FMR) spectrometer with a maximum magnetic field of
6 kOe and frequencies spanning from 2 to 26 GHz using
a broadband coplanar waveguide. We use a spring-loaded
sample holder to improve the FMR signal-to-noise ratio,
the details of which are described in a previous report [30].

First-principles calculations of the spin-resolved density
of states (DOS) are implemented using the Vienna ab initio
simulation package (VASP). The stacked structures are
relaxed with Monkhorst-Pack k mesh of 15 × 15 × 1 and
the force criteria of 1 meV/Å. Then, magnetic anisotropy
energy (MAE) calculations are performed by adopting a
Monkhorst-Pack k mesh of 33 × 33 × 1.

The film microstructure is characterized with a Tec-
nai G2 F20 transmission electron microscope (TEM). The
samples for TEM are prepared using a FEI DA300 focused
ion beam (FIB). The 2D elemental composition is mapped
by energy-dispersive x-ray spectroscopy (EDX) in drift
correction mode.

III. RESULTS AND DISCUSSIONS

A. Perpendicular magnetic anisotropy

Figure 1(a) shows a typical cross-section high-
resolution (HR) TEM image of annealed Hf(5)/Co20Fe60
B20(1.11)/MgO(2) films. Clear stacking-crystal structures
of different layers including the underlying seed layers can
be observed. The nanobeam diffraction pattern from the Hf
layer verifies the crystallization of the layer. While a sharp
Hf/Ru interface is visible, the Hf/Co20Fe60B20 interface
does not appear to be as sharp. Since the thicknesses of the
Co20Fe60B20 layers in our stacks are approximately 1 nm,
we are not able to determine the crystallinity of the fer-
romagnetic layer. Figure 1(b) shows individual elemental-
EDX maps revealing the distributions of Hf, Fe, and Co,
along with the corresponding high-angle annular dark-field
scanning TEM (HAADF STEM) image.

Magnetometry measurements are performed in both out-
of-plane (OP) and in-plane (IP) configurations as shown
by the representative normalized M -H loops for PMA
Hf/Co20Fe60B20(1.11)/MgO in Fig. 1(c). Previous reports
on NM/CoxFe80-xB20/MgO structures have indicated the
presence of a dead layer at the NM/CoxFe80-xB20 inter-
face and suggested interfacial diffusion as the probable
origin [31–33]. For dead-layer determination, we plot mag-
netic moment per unit area at saturation, M sheet, as a
function of tCFB [Fig. 1(d)]. On extrapolating the lin-
ear fit of M sheet vs tCFB, the dead layer in the system is
estimated at approximately 0.54 nm. The EDX map of
our Hf/Co20Fe60B20/MgO stack indicates possible atomic
interdiffusion at the Hf/Co20Fe60B20 interface, consistent
with the presence of a dead layer. It is important to men-
tion here that the dead layer is reported to be strongly
influenced by the precise film-preparation method [1,34].
The effective thickness (teff), discussed in the following
paragraphs, is determined by subtracting the dead-layer
thickness.

Next, we determine the effective magnetic anisotropy,
Keff, of the films using the following relation [35,36]

Keff = MS

[∫ 1

0
H⊥(m⊥)dm⊥ −

∫ 1

0
H‖(m‖)dm‖

]
, (1)

where MS is the saturation magnetization and H⊥ and H ‖
are external magnetic fields applied OP and IP, respec-
tively. Correspondingly, m⊥ and m‖ are the normalized
values of magnetizations in OP and IP, respectively. The
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FIG. 1. (a) Cross-section HR TEM image of Hf (5)/ Co20Fe60B20 (1.11)/MgO (2) film. Also shown on the right panel is the close-
up TEM image and nanobeam diffraction pattern of the selected square region. (b) Individual element slices from an EDX map
corresponding to the HAADF STEM image on the right for the same film. (c) M -H curve taken in IP and OP configurations of a
representative Hf/Co20Fe60B20/MgO sample at tCFB ≈ 1.11 nm. (d) Plot of the magnetic moment sheet density, M sheet vs tCFB. The
intercept of the linear fit (red dashed line) is used to determine the dead layer approximately equal to 0.54 nm. (e) Total effective
anisotropy energy per unit area Keffteff vs teff and tCFB. The red dashed line shows fitting using the Néel model, while the blue dashed
line is fitting to a model which includes an additional thickness-dependent term.

expression on the right side of Eq. (1) is numerically equiv-
alent to the area between the OP and IP magnetization
loops. Figure 1(e) shows the plot of effective magnetic
anisotropy per unit area, Keffteff, as a function of teff. In
order to account for the volume (KV) and surface (KS) con-
tributions to the total magnetic anisotropy, we first attempt
to fit the data using the Néel model as shown by the red
dashed line in Fig. 1(e). The model is fitted as described
by [37]

Keffteff = KS − (2πM 2
S − KV)teff. (2)

The parameters as determined from fitting the Néel model
are KS = 0.9 ± 0.11 erg/cm2 and KV − 2πM 2

S = −(1.1 ±
0.21) × 107 erg/cm3. We find that the value of interfacial
magnetic anisotropy, which comes from the surface con-
tributions, KS in our Hf-underlayer films, is slightly lower
than its previously reported value [13]. This is likely due to
the strong nonlinearity in the Keffteff vs teff particularly for
teff < 0.6 nm, which deviates from the simple Néel model,
resulting in the underestimation of KS in this system. On
the other hand, if we use the modified equation proposed
by Gowtham et al., as shown by the blue dashed line
in Fig. 1(e), we can fit the entire range of teff [34]. The

equation for this model is

Keffteff = KS − (2πM 2
S − KV)teff + K3

teff
, (3)

where K3 is a constant so that the last term in
Eq. (3) gives a contribution to Keff that scales with
1/t2eff. Our fitting results yield KS = (3 ± 0.63) erg/cm2,
KV − 2πM 2

S = −(2.6 ± 0.54) × 107 erg/cm3, and K3 = −
(8 ± 1.76) × 10−8 erg/cm. The strength of the last term that
includes K3 becomes significant for tCFB < 1.3 nm, and
hence it is essential to consider this effect to obtain an accu-
rate value of KS. The nonlinearity of Keffteff in ultrathin
Ta/CoxFe80-xB20/MgO films has been attributed to inter-
facial magnetoelasticity [36]. For ultrathin ferromagnets,
where the surface-to-volume ratio is relatively large, it has
been argued that the interfacial or surface magnetoelastic-
ity becomes significant [38,39]. The nonlinear curves of
Keffteff vs teff have been reported not just in CoxFe80-xB20-
based heterostructures, but also in magnetic multilayers
such as Co/Au [12,34,35,40]. However, in Co/Au mul-
tilayers, this effect is attributed to coarsening of the Co-Au
interfaces [40]. At such ultrathin limits, where interfaces
are not ideal, it is difficult to separate the various effects
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contributing to the 1/t2eff term. Nonetheless, our calculated
value of KS from Eq. (3) is expected to be more accu-
rate and is supported by first-principles calculations as
discussed below.

By considering spin-orbit coupling in first-principles
calculations, we look at the effect of orbitals and elemen-
tal intermixing on this system. We determine the magnetic
anisotropy energy (MAE), using second-order perturbation
theory, for the model Hf(5 ML)/Co-Fe(7 ML = 0.84 nm)/
MgO(3 ML), where ML represents monolayers. The cal-
culation determines the MAE or KS to be 2.92 erg/cm2

for the Hf-underlayer system, which is identical to our
experimental values. In the MAE calculation, there are two
important factors —(i) the spin-orbit interaction parameter
(ξ = 0.72 eV) and (ii) the coupling strength between the
occupied and unoccupied d orbitals. The calculations show
strong coupling between the occupied and unoccupied
states of dxz and dyz orbitals, which are the major contrib-
utors to MAE, whereas in dxy , dx2−y2 , and dz2 orbitals the
coupling is weaker [41]. Further calculations show that the
number of Co-Fe ML does not significantly alter KS. Also,
elemental intermixing as large as 50% of interfacial atomic
sites replacement does not lower the interfacial PMA of
the system [41]. Since KS is unlikely to be altered by a
partly intermixed interface, it is reasonable that our exper-
imental value of KS would be similar to that of an ideal
Hf/Co-Fe/MgO system.

B. Gilbert damping and spin pumping

In this section, we focus on magnetization dynamics
study for the set of Hf/Co20Fe60B20(1–1.3 nm)/MgO films
that can be potentially adopted in a MRAM-free layer. In
field-sweep measurements, the FMR spectra are recorded
by keeping the microwave frequency and power con-
stant while sweeping the externally applied magnetic field
in the OP direction. A typical measurement set of the
VNA transmission parameter S12(H ), for a sample with
tCFB ≈ 1.25 nm, taken in OP field-sweep mode at select fre-
quencies is shown in Fig. 2(a). The FMR absorption peaks
can be well fitted by the combined Lorentz absorption and
dispersion line shapes which follow the equation [42,43]

S12 = A�H 2

[(H − Hres)2 + �H 2)]

+ B�H(H − Hres)

[(H − Hres)2 + �H 2)]
+ C, (4)

where H res is the peak resonance field, �H is the full width
at half maximum (FWHM), A and B are coefficients, and
C represents the spectral background.

The resonance fields, H res, at the subsequently applied
microwave frequencies are summarized and plotted in
Fig. 2(b) for select tCFB ≈ 1.1, 1.17, 1.23, and 1.25 nm.

The resonance condition in the OP configuration can be fit-
ted by the well-known Kittel equation in OP configuration,
which is described as follows [44]:

f = |γ |
2π

(Hres − Meff), (5)

where |γ | = g⊥μB/� is the gyromagnetic ratio, g⊥ is the
spectroscopic splitting factor as determined from fitting the
OP FMR data, μB is the Bohr magneton, and M eff is the
effective magnetization. Figure 2(c) shows the plot of reso-
nance linewidth as a function of frequency for the same set
of tCFB. The measured effective damping parameter (αeff)
is determined from the fit of Fig. 2(c), according to the
equation [30,45,46]

�H = 4παeff

|γ | f + �H0, (6)

where �H 0 represents the inhomogeneous linewidth
broadening. The value of |γ | is determined from Eq.
(5), and is subsequently used as a known parameter
in fitting the data in Fig. 2(c). The measured effective
damping as a function of film thickness is plotted in
Fig. 2(d). αeff shows a strong dependence on tCFB vary-
ing from approximately 0.026 to approximately 0.011
within the range of our thickness consideration. This
strong dependence of αeff on ferromagnetic thickness pri-
marily comes from nonlocal or extrinsic contributions
to the measured damping, which will be discussed in
the following sections. A relevant comparison of damp-
ing in the PMA region can be made with the popu-
lar Ta underlayer in order to assess the suitability of
Ta replacement with Hf in the MRAM free layer. The
damping in PMA Ta/CoFeB/MgO is reported as approx-
imately 0.015, while in PMA Hf/Co20Fe60B20/MgO, it
can reach as low as approximately 0.012 ± 0.004 [47–49].
Hence, from our magnetometry and FMR studies, we
can conclude that Hf/Co20Fe60B20/MgO can provide
improvements in both Keff and α for PMTJs over their
Ta-based counterparts.

The total measured damping of the Hf underlayer sam-
ples, measured in OP configuration, can be reduced to
[49]

αeff = αint + αrad + αsp, (7)

where αint is the intrinsic value of damping, αrad is the con-
tribution from inductive coupling of the precessing mag-
netization and the coplanar waveguide, and αsp represents
spin pumping into the adjacent Hf layer. For simplicity in
comparison, we would use αint as the damping intrinsic to
the heterostructure rather than intrinsic to the ferromagnet
unless otherwise mentioned. αint is the term that is depen-
dent on the itinerant electrons and unlike αsp does not
depend on the thickness of the spin-sink layer [51]. The
thickness-dependent enhancement of measured damping
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(a) (b)

(c) (d)

FIG. 2. (a) FMR spectrum
for Hf/Co20Fe60B20/MgO for
tCFB ≈ 1.25 nm, measured in OP
field-sweep mode at various fre-
quencies. Inset is the schematic
of the OP field-sweep FMR
measurement. (b) Frequency vs
resonance field for Hf/Co20Fe60
B20/MgO at select Co20Fe60B20
thicknesses. The dashed line
represents the fitting to the
Kittel equation. (c) Linewidth
vs frequency for the same set of
Hf/Co20Fe60B20/MgO samples
fitted using Eq. (6). (d) Measured
damping as a function of tCFB,
determined from the fitting
shown in (c), is plotted for both
Hf/Co20Fe60B20/MgO (square
symbols) and MgO/Co20Fe60
B20/MgO (triangular symbols).

is more likely to come from spin-pumping contributions.
We first look into the role of spin pumping by choosing
the MgO/Co20Fe60B20/MgO (double-MgO) system, a sys-
tem with suppressed spin pumping, as a reference sample
[52]. The difference (�α = αsample – αreference) in measured
damping, at the same tCFB, accounts for contributions from
αrad and αint. Here, our working hypothesis is �α ≈αsp,
assuming αint(sample) ≈ αint(reference). Figure 3(a) shows
the plot of �α vs 1/tCFB along with a linear fit (dashed
line), which shows reasonable linearity.

MgO/Co20Fe60B20/MgO structures, besides suppress-
ing spin pumping, also prefer bcc (001) crystallinity [52].
While selecting our reference film, we make sure that
its magnetic parameters including damping are minimally
influenced by the MgO thickness or the capping layer. Cap
materials, such as Ta on double-MgO films, can strongly
influence the damping values [53]. In comparison, we find
that choosing SiO2(8) as the cap yields considerably lower
damping at a similar Co20Fe60B20 thickness.

The spin-pumping component, �α, originating from the
Hf/Co20Fe60B20 interface can be expressed as [54–56]

�α ≈ αsp = |γ |�
4πMStCFB

g↑↓
eff , (8)

where g↑↓
eff is the effective spin-mixing conductance. This

parameter represents the flux of spin angular momentum
flowing through the Hf/Co20Fe60B20 interface as a result
of time-varying magnetization dynamics of the ferromag-
net [56–58]. By using the values of |γ | determined from
FMR and MS determined from magnetometry at each tCFB,
we compute the values of g↑↓

eff at each tCFB using Eq. (8)

and plot the results in Fig. 3(b). We can see that the values
of g↑↓

eff cluster around (1–2) × 1020 m−2 and do not show
dependence on tCFB. Comparing with previously reported
values of spin-mixing conductance, a strong spin-pumping
interface such as Co/Pt exhibits 1 × 1020 m−2 while a
weak spin-pumping system such as CoxFe80-xB20/Cu/Pt
yields (0.07–0.09) × 1020 m−2 [50,59]. It has been sug-
gested that the g↑↓

eff of a ferromagnetic conductor–normal
metal interface is mainly determined by the normal metal
[60]. Hence, we can interpret that the dominant mech-
anism of Gilbert-damping enhancement in our system
originates from the large spin-mixing conductance at the
Hf/Co20Fe60B20 interface.

Finally, effective damping may have contributions from
two-magnon scattering [61–63]. However, this type of
contribution is more pronounced for IP field measure-
ments, while for OP measurements, it is negligible [47,63].
Therefore, for our damping values discussed so far,
we can disregard its effect. In order to qualitatively
compare two-magnon scattering contributions in both
reference and sample, we also perform IP FMR mea-
surements. We observe that two-magnon scattering in
MgO/Co20Fe60B20/MgO is more prominent than in
Hf/Co20Fe60B20/MgO. As shown in Figs. 3(c) and 3(d),
respectively, for tCFB ≈ 1.1 nm, there is a substantial differ-
ence in measured linewidths between OP and IP measure-
ments for MgO/Co20Fe60B20/MgO, while the difference
for Hf/Co20Fe60B20/MgO is minor.

C. Effect of Hf on intrinsic damping

We briefly discuss αint in Hf/Co20Fe60B20/MgO in the
context of first-principles calculations. The mechanism
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(a) (b)

(c) (d)

FIG. 3. (a) Plot of �α vs
1/tCFB along with the linear fit.
In this case, �α(tCFB) =αeff[Hf/
Co20Fe60/B20(tCFB)/MgO]– αeff
[MgO/Co20Fe60/B20(tCFB)/MgO].
(b) From the slope of fitting in
(a), spin-mixing conductance g↑↓

eff
is calculated and plotted against
tCFB. Comparison of linewidth
vs frequency data for OP and
IP FMR measurements at a Cox
Fe80-xB20 thickness of approxi-
mately 1.1 nm for (c) Hf/Co20
Fe60/B20/MgO and (d) MgO/

Co20Fe60/B20/MgO.

influencing intrinsic damping is dominated by magnon-
electron scattering [50]. In the previous sections, we
assume that αint in Hf/Co20Fe60B20/MgO is identical to
αint in MgO/Co20Fe60B20/MgO. From a materials point
of view, it is interesting to compare αint in these two

(a)

(b)

FIG. 4. Spin-resolved DOS for Hf/Co-Fe/MgO and
MgO/Co-Fe/MgO. Spin channel in (a) is for the spin up
while (b) is for the spin down.

heterostructures [50]. The intrinsic damping, αint, can be
characterized from the following relationship as in [64,65]

αint ∼ 1
|γ |MS

μ2
Bn(EF)

ξ 2

W
, (9)

where n(EF ) is the total density of states (DOS) at the
Fermi energy projected onto the d orbital, ξ is the spin-
orbit coupling parameter, and W is the spread of DOS
projected onto the d orbital in the heterostructure. For stud-
ies on systems such as Co1−xFex, the change in αint is
directly explained as a result of shifts in n(EF ) as other
parameters in Eq. (9) are assumed to remain constant
within this stoichiometry variation [50,66]. In the case
of heterostructures, the presence of strong spin-orbit cou-
pling materials, such as Hf, also impacts other parameters,
namely ξ and W. αint in Hf/Co20Fe60B20/MgO will be
larger (smaller) if the product of n(EF)(ξ 2/W) is greater
(lesser).

Our calculated values of n(EF ), ξ , and W show that
the product n(EF)(ξ 2/W) is greater for Hf/Co-Fe/MgO
(Table I). Therefore, we expect the intrinsic damping of
Hf-underlayer films to be larger than that of double-MgO
films. Since the αint of double-MgO films is expected to
be closer to the intrinsic damping of bulk CoxFe80-xB20,
Hf-underlayer films will have higher αint than that in bulk
CoxFe80-xB20 as well. For the sake of simplicity, first-
principles calculations are done on compounds with Co
and Fe at 1:1 stoichiometric ratios. Figure 4 shows the
spin-resolved DOS for Hf(5 ML)/Co-Fe(7 ML)/MgO(3
ML) and MgO(3 ML)/Co-Fe(7 ML)//MgO(3 ML). Near
the Fermi level, we see that DOS for the spin-up chan-
nel in Hf/Co20Fe60B20/MgO is much higher compared
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TABLE I. First-principles calculations of parameters determin-
ing αint. g⊥ is the spectroscopic splitting factor as determined
from OP FMR measurements and is directly related to γ .

Structure ξ (eV)
W

(eV)
n(EF )

(states/eV) g⊥

Hf/Co-Fe/MgO 0.72 12.5 9.5 2.28 ± 0.02
MgO/Co-Fe/MgO 0.016 9.1 2.6 2.1 ± 0.01

to that of MgO/Co20Fe60B20/MgO, whereas for the spin-
down channel, the difference is smaller. The larger αint in
Hf/Co-Fe/MgO is more relevant in the context of the spin-
up channel. Yet, theoretical and experimental agreement
on αint is not perfect, and first-principles calculations pre-
dicts αint ∼ 0.0005 in a clean Co-Fe system, which has not
been observed experimentally [50,66,67]. Nonetheless, our
calculations establish that αint is larger in Hf-underlayer
films.

IV. CONCLUSIONS

Our results provide comprehensive materials inves-
tigation of Hf/Co20Fe60B20/MgO, and position this
heterostructure to meet key MRAM requirements by inves-
tigating both PMA and damping. The true interfacial
magnetic anisotropy, KS, can be accurately determined by
considering inclusion of the 1/t2eff-dependent anisotropy
term in the Néel model, and is largely unaffected by the
presence of interfacial elemental intermixing. A strong
thickness-dependent Gilbert damping is found for this
system with spin-pumping being the primary contribu-
tor to this observed effect. Intrinsic damping and two
magnon-scattering, in comparison, have smaller contri-
butions. The spin-mixing conductance in the system is
determined to be approximately 1020 m−2, which is com-
parable to a ferromagnet/Pt interface. Surprisingly, even
with the large spin-mixing conductance, αeff can be as
small as approximately 0.012 in the PMA thickness
regime. The availability of a wide thickness PMA range,
strong interfacial magnetic anisotropy, and large varia-
tion in damping values for PMA Hf/Co20Fe60B20/MgO
opens up the degrees of freedom available for tweak-
ing the MRAM stack for immediate applications. An
important engineering follow-up work could be a Hf
spacer in double-MgO free layers with the config-
uration MgO/Co20Fe60B20/Hf/Co20Fe60B20/MgO. This
stack could provide considerable improvements in thermal
stability and is expected to give higher performance than
the popular Ta- or W-based counterparts.
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