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Spin-scattering asymmetry at half-metallic-ferromagnet|ferromagnet interface

Y. Fujita®,"" Y. Miura®,? T. Sasaki®,” T. Nakatani®,” K. Hono®,? and Y. Sakuraba ®?
Unternational Center for Young Scientists, National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan

2Research Center for Magnetic and Spintronic Materials, National Institute for Materials Science, 1-2-1 Sengen,
Tsukuba, Ibaraki 305-0047, Japan

M (Received 15 May 2021; revised 4 August 2021; accepted 23 September 2021; published 8 October 2021)

We study spin-scattering asymmetry at the interface of two ferromagnets (FMs) based on a half-metallic
Co,Fep4Mny¢Si (CFMS)/CoFe interface. First-principles ballistic transport calculations based on Landauer
formula for (001)-CoFe/CFMS/CoFe indicate strong spin-dependent conductance at the CFMS/CoFe
interface, suggesting a large interface spin-scattering asymmetry coefficient (y). Fully epitaxial current-
perpendicular-to-plane giant magnetoresistance (CPP-GMR) pseudo-spin-valve (PSV) devices involving
CoFe/CFMS/Ag/CFMS/CoFe structures exhibit an enhancement in MR output owing to the formation of
the CFMS/CoFe interface at room temperature (RT). This is well reproduced qualitatively by a simulation
based on a generalized two-current series-resistor model with considering the presence of y at the CFMS/CoFe
interface, half-metallicity of CFMS, and combinations of terminated atoms at the interfaces in the CPP-GMR
PSV structure. We show direct evidence for a large y at a half-metallic FM/FM interface and its impact on the

CPP-GMR effect even at RT.

DOI: 10.1103/PhysRevB.104.L.140403

Spin-dependent transport of conduction electrons at
metal /metal interfaces, which is involved in the giant mag-
netoresistance (GMR) effect [1-7], has been a longstanding
subject of great interest. The interface spin-scattering asym-

metry coefficient (y), defined as y = %, where RTA
and RYA are the resistance area product (RA) for majority-
and minority-spin channels, respectively, at ferromagnet
(FM)/nonmagnet (NM) interfaces has been evaluated for
various combinations of FM and NM metals [8,9] through
the experimental analysis of resistance change-area prod-
uct (ARA) observed in the current-perpendicular-to-plane
GMR (CPP-GMR) devices in terms of the two-current
series-resistor (2CSR) model [10,11]. In addition, the first-
principles theories revealed that y at FM/NM interfaces orig-
inates from the spin-dependent matching of interfacial band
dispersions [9,12—15].

As in the case of FM/NM interfaces, y can be yielded even
at FM/FM interfaces because they have spin-dependent inter-
facial band matching. However, it is difficult to evaluate y at
FM/FM interfaces because of the strong magnetic exchange
coupling at FM/FM interfaces. Nguyen et al. experimentally
observed the spin-dependent scattering at the Co/Ni interface
at 4.2 K via the analysis of ARA observed in the CPP-GMR
devices with several [Co/Ni], superlattices and the theoretical
calculations [16]. Interestingly, the experimental (theoretical)
value of y at the Co/Ni interface was estimated to be 0.94
(0.97), which was considerably larger than that at FM/NM
interfaces with all the combinations of FM and NM that have
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been verified so far [9]. Based on y at the Co/Ni interface,
one can expect that there are FM/FM interfaces that give rise
to considerably large y at room temperature (RT). However,
there is no report on the spin-dependent scattering at FM/FM
interfaces at RT.

From the viewpoint of an electronic structure, half-metallic
FM (HMF)/FM interfaces offer strong spin-dependent scat-
tering because HMFs have a semiconducting gap only in
either a majority- or a minority-spin band. The Co-based full
Heusler alloys, such as Co,Fe,Mn;_,Si and Co,FeGa,Ge|_,
(0 < x < 1), which have theoretically been predicted to ex-
hibit half-metallicity [17-19], are the most widely explored
HMFs for CPP-GMR devices [20-30], and y at the Co-
based Heusler alloy/NM interfaces has been well documented
[23,26,28,30,31]. The experiments with the CPP-GMR de-
vices and the theories based on the first-principles calculations
for interfacial band matching and overlapping of Fermi sur-
faces have confirmed that y at Co,Fe,Mn;_,Si/NM (x = 0
and 0.4) interfaces strongly depends on the material of the
NM [23,28,31]. Furthermore, the enhancement of y at the
Co,FeGag 5Geg s (CFGG)/Ag interface was demonstrated by
inserting an ultrathin (< 1 nm) NiAl layer or Ni layer into the
CFGG/Ag interface; the theoretical calculation suggests that
the enhancement is attributed to the considerable improve-
ment in interfacial band matching [26,30]. Thus, the Co-based
Heusler alloys are promising for exploring spin-dependent
scattering even at HMF/FM interfaces.

In this Letter, we present evidence for spin-scattering
asymmetry at the  half-metallic =~ CoFey4Mng¢Si
(CFMS)/CoFe interface based on the first-principles ballistic
transport calculations for (001)-CoFe/CFMS/CoFe and
MR measurements of fully epitaxial CPP-GMR pseudo
spin valves (PSVs) with CFMS(+ nm)/CoFe(7 —¢ nm)

©2021 American Physical Society
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FIG. 1. Majority-spin (left) and minority-spin (right) conductance at the Fermi energy calculated for (a) (001)-CoFe/CFMS/CoFe with
Co-terminated CoFe and FeMnSi-terminated CFMS layers, (b) (001)-Ag/CFMS/Ag with an FeMnSi-terminated CEMS layer, (c) (001)-
CoFe/Fe/CoFe with Co-terminated CoFe layers, and (d) (001)-Ag/CoFe/Ag with an Fe-terminated CoFe layer as functions of k = (k,, k).
For the calculations of (a) and (c), the magnetization configurations are set to be parallel.

(0 <t < 7) layers. We show direct evidence for the presence
of a large y at the CFMS/CoFe interface and its impact on
the GMR effect at RT by verifying the # dependence of ARA.

First of all, we performed first-principles ballistic
transport calculations based on the Landauer formula
for (001)-CoFe/CFMS/CoFe to explore the existence of
spin-dependent scattering at the CFMS/CoFe interface. We
used QUANTUM-ESPRESSO code for the electronic
structure and transport calculations [32,33] with the
generalized gradient approximation for the exchange and
correlation terms [34]. The details of the calculation method
are explained in Ref. [31]. The open quantum system
comprises a tetragonal supercell containing 13 atomic
layers of CFMS with Co and FeMnSi terminations and
7 atomic layers of CoFe with Co and Fe terminations.
The interface distances of CoFe/CMFS and Ag/CMFS
junctions were determined by structure relaxations in the
QUANTUM-ESPRESSO code. The convergence criteria
of the force are less than 107> Rydberg/Bohr for each
atomic position. We performed the optimizations by changing
the initial interface distance of supercells and determined
the optimal interface distance for each termination. In the
ballistic transport of magnetic junctions, conduction electrons
scattering occurs due to the potential energy near the
interfaces. As references, we performed the same calculations
for  (001)-Ag/CFMS/Ag, (001)-Ag/CoFe/Ag, and
(001)-CoFe/Fe/CoFe with all combinations of ter-
minated atoms. The magnetization configurations for
CoFe/CFMS/CoFe and CoFe/Fe/CoFe were set to be
parallel. The number of in-plane k points was considered
50 x 50 in the two-dimensional (2D) Brillouin zone (BZ)
for ballistic conductance calculations. Figures 1(a)-1(d)

show the in-plane wave-vector (k;) dependencies of the
majority-spin (left) and minority-spin (right) conductance
at the Fermi energy normalized by e?/h averaged over
the 2D BZ for CoFe/CFMS/CoFe, Ag/CFMS/Ag,
CoFe/Fe/CoFe, and Ag/CoFe/Ag, respectively, for each
combination of terminated atoms as representatives.
Figures 1(a) and 1(b) indicate that the highly conductive
channels are distributed in almost the entire region of
k) = (k, ky) in 2D BZ for the majority-spin channels for
both CoFe/CFMS/CoFe and Ag/CFMS/Ag. In contrast
to the majority-spin paths, the minority-spin paths have
conductive channels with considerably small conductivity
only around kj = (£0.5, £0.5). This indicates that RA for
the minority-spin channel is much larger than that for the
majority-spin channel and suggests a large y. Although
Figs. 1(c) and 1(d) show a similar difference between
majority- and minority-spin kj dependencies of conductance
for CoFe/Fe/CoFe and Ag/CoFe/Ag, unlike the cases for
CoFe/CFMS/CoFe and Ag/CFMS/Ag, the conductive
channels distinctly appear in the k; dependence of the
minority-spin conductance around k; = (0, 0), (£0.5, 0),
and (0, £0.5) for CoFe/Fe/CoFe and for some areas in
k, for Ag/CoFe/Ag. The qualitative difference in the
minority-spin conductance between structures with and
without CFMS is attributed to the half-metallicity of CFMS.
Note that qualitatively the same results as Fig. 1 were
obtained for all the combinations of terminated atoms (not
shown here). R'TA (R'A) values for CoFe/CFMS/CoFe,
Ag/CFMS/Ag, CoFe/Fe/CoFe, and Ag/CoFe/Ag averaged
in each atomic termination can be calculated to be 3.18,
4.53, 2.30, and 2.62 mQ um? (243, 185, 18.4, and 21.5
mQ um?), respectively, from the results of spin-dependent
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conductance; y at CoFe/CFMS, Ag/CFMS, CoFe/Fe, and
Ag/CoFe interfaces can be estimated to be 0.97, 0.95, 0.78,
and 0.78, respectively. The presence of large y is suggested
even at CoFe/CFMS, and the interfaces with half-metallic
CFMS should yield much larger y than those without it. The
difference of RTA between the systems with CFMS, namely,
CoFe/CFMS/CoFe and Ag/CFMS/Ag, is originated from
the higher conductance around k; = (0, 0) and (£0.3, £0.3)
in CoFe/CFMS/CoFe than that in Ag/CFMS/Ag. This
should be originated from the larger overlapping of Fermi
surfaces on the k| between CFMS and CoFe than that
between CFMS and Ag as described in the supplemental
material [35]. Further, the better band matching due to the
relatively small interfacial distance of CoFe/CFMS(001)
(~1.45 A) compared to that for Ag/CFMS(001) (~1.85
A), which is caused by the strong bonding between Co-Fe
atoms, should be another reason for the smaller RTA value for
CoFe/CFMS/CoFe than for Ag/CFMS/Ag. Although R'A
is significantly larger than RTA for both CoFe/CFMS/CoFe
and Ag/CFMS/Ag, R'A at real systems with CFMS can
easily be reduced by degradation of its half-metallic nature
caused by atomic disorder, interface dislocation, thermal
fluctuation of magnetic moments, spin-orbit coupling, and so
on. Therefore, it is suggested that experimentally obtainable
y at the CoFe/CFMS interface is expected to be larger than
that at the Ag/CFMS interface due to the smaller RTA for
CoFe/CFMS/CoFe than that for Ag/CFMS/Ag.

For examining the impact of y at the CFMS/CoFe
interface (Ycrwms/core) On the CPP-GMR effect, we fabri-
cated fully epitaxial CoFe/CFMS/Ag/CFMS/CoFe struc-
tured CPP-GMR PSVs, wherein ycrms/core 18 expected to
contribute to the GMR effect when the thickness of the
CFMS layer is shorter than its spin-diffusion length. We
designed the PSV with the entire structure of MgO(001)
single-crystalline substrate/Cr(20 nm)/Ag(80 nm)/CosoFesq
(7 —t nm)/CFEMS(¢# nm)/Ag(5 nm)/CFMS(t nm)/CosoFesq
(7—1t nm)/Ag(5 nm)/Ru(8 nm) with various ¢ (r = O,
0.75, 1.5, 3, 4, 5, and 7 nm). The PSVs with t = 0 nm
(CoFe/Ag/CoFe) and t = 7 nm (CFMS/Ag/CFMS) have
no CFMS/CoFe interfaces. The samples were fabricated by
processes with DC and RF sputtering at RT and in situ
postdeposition annealing in an ultrahigh vacuum sputtering
system with base pressures of ~107® Pa. We confirmed the
(001)-oriented fully epitaxial growth of the PSVs by x-ray
diffraction (XRD) and the L2; ordered phase in the CFMS
layers by nanobeam electron diffraction (NED). From the
cross-sectional high-angle annular dark-field scanning trans-
mission electron microscope (HAADF-STEM) image and
the energy dispersive x-ray spectroscopy (EDS) line con-
centration profile in Fig. 2(a), we can confirm that the
CoFe/CFMS/Ag/CFMS/CoFe PSV structure is fabricated
as designed with no evident atomic interdiffusion and has
atomically flat and smooth interfaces. The detailed procedure
of the growth and results of XRD and NED and the detailed
EDS elemental maps are summarized in the supplemental
material [35]. The atomic-resolution HAADF-STEM image
shows that both Co and [(Fe, Mn), Si] atomic layers randomly
exist as termination layers at the CFMS/Ag interfaces (not
shown here). Further, we confirmed alternatively stacked Co
and [(Fe, Mn), Si] atomic layers and B2-ordered CoFe near
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FIG. 2. (a) Cross-sectional HAADF-STEM image (left) and
EDS line profiles (right) of the PSV (+ = 4 nm). (b) Schematic of
the CPP-GMR PSV with CoFe(7 — ¢t nm)/CFMS(t nm) (0 <t < 7)
structures. (c) Representative MR curves for devices with # = 4 nm
(left) and r = 7 nm (right).

the CFMS /CoFe interfaces; hence, the CFMS/CoFe interface
comprises both Co-terminated CFMS /Fe-terminated CoFe
and [(Fe, Mn), Si]-terminated CFMS/Co-terminated CoFe.
Conventional electron-beam lithography and Ar* milling
were used to fabricate circle- and ellipse-shaped pillar-type
CPP-GMR devices as shown in Fig. 2(b). The designed size
of the pillars ranged from 0.003 to 0.03 um? and their ac-
tual sizes were measured by analyzing the scanning electron
microscope images of the pillars as the value of A. MR mea-
surements were conducted by a DC four-probe method with
a constant current of 1 mA at RT. The observed MR ratio

(MR,ps) and ARA are defined as Ra‘;e_Rp and (R, — Rp)A, re-

spectively, where R, and R, denote tile resistance for parallel
and antiparallel magnetization states between the top and the
bottom FM layers, respectively. Because the parasitic lead
resistance (Rpara) Overlaps with device resistance and reduces
the MR ratio, the intrinsic MR ratio (MR;,,) is defined as
Rpf—}el“. RyA and averaged MR;, can be estimated from the
slope of an R, vs 1/A plot and a AR vs R, plot, respectively.
The averaged ARA can be evaluated from MRy, x RpA
or the slope of a AR vs 1/A plot. Figure 2(c) shows the
representative MR curves with clear plateaus for antiparallel
magnetization states observed in the devices with t = 4 nm
(left) and t+ = 7 nm (right) and with a designed pillar size
of 0.015 um?. MRy and ARA for t = 4 nm (41% and
15.7 mQ pum?) are clearly larger than those for t = 7 nm
(28% and 10.0 m pum?). Thus, we can tentatively state that
introducing the CFMS/CoFe structure improves the MR out-
put. To obtain averaged MR;,, and ARA, we performed MR
measurements for 50 or more pillars for each ¢ with various
A as shown in Supplemental Fig. S3 in the supplemental
material [35].
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FIG. 3. The ¢ dependence of (a) MRy, and (b) ARA estimated
from MR;,; x RpA (red) and the slope of AR vs 1/A plots (blue)
for the PSVs with CFMS(z nm)/CoFe(7 —t nm)(0 < ¢ < 7) layers.
The inset shows measured R,A for each ¢. The dashed lines are
merely guides to the eye.

Figure 3(a) shows the averaged MR, as functions of . A
peak, where MR, reached 50%), clearly appeared att =4 nm.
A similar ¢ dependence of MR;,; was observed for ARA, as
shown in Fig. 3(b). Although there is an apparent difference
between ARA values estimated from MR, x R,A and AR vs
1/A plots, clear peaks of ARA are observed irrespective of the
estimation methods. RyA as a function of ¢ used to estimate
ARA is shown in the inset of Fig. 3(b). In the supplemental
material [35], we show plots to estimate MRy, RpA, and
ARA and confirm that the quantitative difference in ARA is
attributed to unavoidable errors in evaluating A based on the
estimation methods. The ARA values for¢t = 0 nm, t = 4 nm,
and t = 7 nm estimated from MRj,, X R,A (AR vs 1/A
plots) were 4.05 m pm? (3.65 m um?), 19.1 mQ pum?
(14.0 mQ ,u,m2), and 9.25 mQ umz (9.48 mQ Mmz), re-
spectively. According to the 2CSR model for the simple
FM/NM/FM structure [11], the magnitude of ARA can be
increased by enhancing the bulk spin-scattering asymmetry

coefficient () of FM defined as g = £ i:rz 1 , where pt and p*
are the resistivities for majority- and minority-spin channels,
respectively, and/or y at FM/NM interfaces. Although the
larger ARA for t = 7 nm compared to that for r = 0 nm is
attributed to the enhancement of 8 of the FM and y at the
FM/NM interface by changing the FM from CoFe to half-
metallic CFMS, the entire ¢ dependence of ARA in Fig. 3(b)

cannot be explained only by considering the contribution of

B of CFMS layers (Bcrvs) and y at the CEFMS/Ag inter-
face (ycrms/ag).- The enhancement of ARA by employing
CFMS/CoFe and the peak in its ¢ dependence can be at-
tributed to ycpms /CoFe-

We attempted to simulate ARA as a function of ¢ based
on the generalized 2CSR model for metallic multilayers
considering the contribution of ycpms/core [36]. The 2CSR
model assumes individual series resistors for majority- and
minority-spin channels, respectively, in metallic multilayers
with FM layers. In this model, resistance of bulk of layers and
interfaces and spin-diffusion length determines the resistance
change of the metallic multilayers when the configuration
of magnetization direction of the FM layers changes. The
CPP-GMR PSVs for the calculation are set as Ag(1 nm)/CoFe
(7 — t nm)/CFMS(¢ nm)/Ag(5 nm)/CFMS(# nm)/CoFe(7 —
t nm)/Ag(5nm) (r =0,0.75, 1.5, 3,4, 5, and 7 nm), where the
thickness of the 1-nm-thick bottom Ag layer corresponds to
the etched depth of the Ag buffer layer. For the simulation, it
is necessary to input values of the spin-scattering asymmetry
coefficients related to the CFMS layer (¥crms/CoFes YCFMS/Ags
Bcrums) and spin-diffusion length of CFMS (I$™S). For
Ycrms,/Ags Brms, and I$T™S, we determined ycpvs/ag = 0.82,
Bcrms = 0.85, and I§™S = 1.5 nm with reference to the
typical or largest analytical values in the previous reports
on the CPP-GMR devices with the Co-based Heusler alloys
[22,23,25]. Other parameters required for the simulation such
as y at the CoFe/Ag (ycore/ag); B of CoFe layers (Bcore);
resistivity of Ag (pag), CoFe (pcore), and CFMS (ocpms);
and spin-diffusion length of Ag (lsl?g) and CoFe (lscf"Fe) were
selected from values in the previous reports: Ycore/ag = 0.8
[37], Bcore = 0.62 [37], PAg = 2.1 p2cm [37], pcore =
19.1 uQ cm [38], pcpms = 46 n2 cm [24], ls?g = 40 nm
[37], and I$°F® = 15 nm [38]. Further, the RA values for the
interfaces were estimated from HTV x RTA: Interfacial

R'A values were determined by considering R'A for
CoFe/CFMS/CoFe, Ag/CFMS/Ag, and Ag/CoFe/Ag esti-
mated from the first-principles calculations as twice interfacial
RTA. We adopt the averaged R A for CoFe/CFMS/CoFe and
Ag/CFMS/Ag for the possible combinations of terminated
atoms at the interfaces evaluated using the HAADF-STEM
image.

We examined the impact of ycrms/core 0N the ¢ dependence
of ARA. The calculated ARA as functions of ¢ assuming
ycems/core = 0, 0.6, and 1 are shown in Fig. 4(a); ARA is
enhanced by increasing ycpms/core, and the peak in the ¢
dependence is not present for ycrms/core = 0, which implies
that a finite Ycpms,/coFe needs to be incorporated for reproduc-
ing the experimental result in Fig. 3(b). When ycpwms,/core =
1, the simulated ¢ dependence is quantitatively the closest
to the experimental result, which implies the presence of a
large ycrms/core at RT. Although the peak of ARA is repro-
duced by the simulation, the 7-dependent behavior of ARA in
t < 4, in which ARA increased significantly by introducing
ultrathin (r = 0.75 nm) CFMS layers, seems qualitatively
even to be inconsistent with the experimental result. Thus,
we additionally presumed #-dependent ycpms/CoFe> YCEMS/Ags
and Bcpvs as shown in Fig. 4(b), where they were increased
and saturated with increasing ¢, taking the degradation of
the half-metallicity of the Co-based Heusler-alloy film in the
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FIG. 4. (a) Simulated ¢ dependence of ARA for Ag

(I nm)/CoFe(7 — t nm)/CFEMS(t nm)/Ag (5nm)/CFMS(t nm)/
CoFe(7 —tnm)/Ag (5nm) (t =0,0.75,1.5,3,4,5, and 7 nm)
assuming f-dependent Ycpwms/core, Vcrms/ag and Bcrms shown in
(b) (red) and ycpms/core = 0, 0.6, and 1 (blue). (b) Assumed ¢
dependence of Ycrms/coFes Ycrms/ags and Bepms. All dotted lines are
guides to the eye.

range of small thickness into account [39]. The degradation of
the half-metallicity of CFMS layers because of the decrease in
their thickness was corroborated by the reduction of the inner
magnetic moments of Mn atoms, which were confirmed based
on the x-ray magnetic circular dichroism [40-42] spectra
shown in Supplemental Fig. S4 in the supplemental material
[35]. The ARA was simulated to be increased moderately with
increasing ¢ in t < 4 by presuming z-dependent ycrms/ag.
Bcems, and  Ycpms/core, as shown by the red diamonds
in Fig. 4(a). This indicates a more accurate reproduction
of the experimental results. We additionally attempted to
calculate ARA for t =4 nm and for ycrwvs/core = 1 under
the assumption of larger ycrms/ag and Bcrms (Vorms/ag = 0.9
and Bcpms = 0.93) than the values in the above assumption
(VCFMS/Ag = 0.82 and Bcpms = 0.85). As a result, ARA is
estimated to be 18.1 mQ um?, which is rather quantitatively
consistent with the experimentally obtained value (ARA =
19.1 mS§2 um?). Thus, even if the actual values of YCEMS/Ag

and Bcpwms are larger than assumed values that are determined
with reference to previous studies, ycpms/core should still
be large and have a large impact on the GMR effect. Al-
though further experiments and theories are required for more
precise simulations, the ¢ dependence of ARA in Fig. 3(b)
was qualitatively reproduced by the simulation by consid-
ering the presence of ycrms/core, the ¢ dependence of the
half-metallicity of CFMS layers, and the combinations of ter-
minated atoms at the interfaces. Therefore, we conclude that
the t-dependent behavior of ARA in Fig. 3 is direct evidence
for the impact of ycpms,/core On the GMR effect. It is important
to obtain more accurate parameters, particularly [$™5, which
should be obtained by performing more detailed measure-
ments of ARA, for quantitatively estimating ycems/coFe-

In conclusion, we showed the presence of spin-scattering
asymmetry at the half-metallic CFMS/CoFe interface, that
is, the HMF/FM interface. The first-principles ballistic trans-
port calculations for (001)-CoFe/CFMS /CoFe showed a large
difference of conductance between majority- and minority-
spin channels, thereby implying a large ycpms/core- The ARA
observed in the fully epitaxial CPP-GMR PSVs with top
and bottom CFMS(t nm)/CoFe(7 — ¢ nm) (0 < < 7) lay-
ers exhibited ¢ dependence with a clear peak, and it was
reproduced qualitatively by the simulation based on the gener-
alized 2CSR model by considering the presence of ycrms/coFes
the 7-dependent half-metallicity of CFMS layers, and the
combinations of terminated atoms at the interfaces con-
firmed by HAADF-STEM. We presented direct evidence for
the impact of ycpms/core On the GMR effect by observing
the enhancement of ARA at RT, which indicates that the
HMF/FM interface is expected to yield a large y even at
RT. The introduction of the additional y at the HMF/FM
interface by forming an HMF/FM/NM structure leads to
further improvement of the MR output in CPP-GMR de-
vices using HMFs. This may contribute to the development
of CPP-GMR-based spintronic devices such as CPP-GMR
sensors [43].
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