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Optimization of spin Hall
magnetoresistance in heavy-metal/
ferromagnetic-metal bilayers

tukasz Karwacki'2*, Krzysztof Grochot?3", Stanistaw Lazarski?, Witold Skowronski?,
Jarostaw Kanak?, Wiestaw Powroznik?, Jozef Barnas'*, Feliks Stobiecki® &
Tomasz Stobiecki®3

We present experimental data and their theoretical description on spin Hall magnetoresistance
(SMR) in bilayers consisting of a heavy metal (H) coupled to in-plane magnetized ferromagnetic
metal (F), and determine contributions to the magnetoresistance due to SMR and anisotropic
magnetoresistance (AMR) in five different bilayer systems: W/CozFegoB20, Coz0FegoB20/Pt,
Au/CoyoFegoB20, W/Co, and Co/Pt. The devices used for experiments have different interfacial
properties due to either amorphous or crystalline structures of constitutent layers. To determine
magnetoresistance contributions and to allow for optimization, the AMR is explicitly included in
the diffusion transport equations in the ferromagnets. The results allow determination of different
contributions to the magnetoresistance, which can play an important role in optimizing prospective
magnetic stray field sensors. They also may be useful in the determination of spin transport
properties of metallic magnetic heterostructures in other experiments based on magnetoresistance
measurements.

Spin Hall magnetoresistance (SMR) is a phenomenon that consists in resistance dependence on the relative ori-
entation of magnetization and spin accumulation at the interface of ferromagnet and strong spin-orbit material
(such as 5d metals'~%, topological insulators’, or some 2D systems '°). In transition metals such as W and Pt, the
spin accumulation results from spin current driven by the spin Hall effect (SHE)!'-'*. The spin current diffuses
then into the ferromagnet or exerts a torque on the magnetization while being backscattered. Due to the inverse
spin Hall effect (ISHE), the backscattered spin current is converted into a charge current that flows parallel to the
bare charge current driven by external electric field, which effectively reduces the resistance**. One of the most
important advantages of driving spin currents by SHE is that the spin currents can be induced by a charge current
flowing in the plane of the sample'®. This may remedy some obstacles on the road to further miniaturization of
prospective electronic components, which have been encountered in spin-valves and magnetic tunnel junctions
when the electric field is applied perpendicularly to interfaces. One of the drawbacks, however, is that the strength
and effectiveness of such subtle effects depend strongly on the quality and spin properties of interfaces'*-?*.

Although early SMR experiments were performed on heavy-metal/ferromagnetic-insulator bilayers’, recent
efforts are focused on the bilayers with ferromagnetic metallic layers, such as Co or Coz9FegoByg ones®”, which
are currently more relevant for applications. When the magnetization is parallel to the spin accumulation, the
spin current from the heavy-metal can easily diffuse into the ferromagnetic metal (influencing its spin transport
properties and spin accumulation on the ferromagnetic metal side)®?*-3C. This is especially important when an
additional spin sink (another heavy-metal layer or an antiferromagnet) is on the other side of the ferromagnetic
layer, where effects such as spin current interference might take place®.

Moreover, as charge current flows in plane of the sample, additional phenomena may occur, such as aniso-
tropic magnetoresistance (AMR) or anomalous Hall effect (AHE)*'-*. These effects can obscure determination
of spin transport parameters and make evaluation of the SMR contribution to the measured magnetoresistance
more difficult. Since the determination of such transport properties as the spin Hall angle (which parameterizes
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No. | Sample ot (uQem) | pf (uQem) | [6su| (%) | Oamr (%) /p (nm) |/ (nm)
W1 | W(5)/CooFesoBao(tr)/Ta(1) 185 144 225404 [0.1940.03 1.3 5
W2 | W(ty)/CozoFesoBao(5)/Ta(1) 166 144 2141 0.07 4+ 0.08 1.3 5¢
W3 | W(5)/Co(tr)/Ta(l) 120 22 ~0 1.1+03 1.3 7
W4 | W(ty)/Co(5)/Ta(1) 120 30 2342 0.69 % 0.02 1.3 7
P1 CoaoFegoBao (tr)/Pt(3) 95 102 16.04+ 0.2 [0.38 +£0.01 224 5¢
P2 CogFeg0B20(5)/Pt(tr) 151 161 6+2 0.36 + 0.03 224 5¢
P3 Co(tp)/Pt(4) 55 18 ~0 0.540.1 224 7b
P4 Co(5)/Pt(ty) 24 57 941 1.540.1 2.2 id
Al | Ti(2)/Au(5)/CozoFesoBao(tr)/Ti(1.5) | 24 96 33401 [0.21040.008 |1.6 5¢
A2 | Ti(2)/Au(ty)/CoFeB(5)/Ti(1.5) 15 96 5+1 0.33 +0.05 1.6° 5

Table 1. Composition of samples, and resistivities of heavy metal and ferromagnetic layers. Numbers in
parentheses next to material symbol denote thickness (in nm) of the corresponding layer; parameters used for
fitting the model to experimental data. *Ref. 38, *Ref. 39, “Ref. 40.

strength of the spin Hall effect) and spin diffusion length in different experimental schemes, for instance in
spin-orbit torque ferromagnetic resonance (SOT-FMR)*"*, relies heavily on the magnetoresistive properties of
a system, it is important to properly determine all the contributions to magnetoresistance.

Here, we revisit the theory of spin Hall magnetoresistance in metallic bilayers by explicitly including the
contribution from AMR into the spin drift-diffusion theory for the ferromagnetic metal layer. The expressions
for magnetoresistance are then fitted to the data obtained from resistance measurements on heavy-metal (H)/
ferromagnet (F) bilayers, where H: W, Pt, Au, while F: Co, Coz9FegoB2o. This allows us to determine more accu-
rately contributions from various magnetotransport phenomena occurring in metallic bilayers where the spin
Hall effect is the driving source. Such analysis may also be useful in the efforts to optimize prospective devices
for information technology.

Results

This section is divided into two sections depending on the ferromagnetic material used in the bilayer. As
CoyoFegoBao is amorphous and Co is crystalline, they present differently in magnetoresistance experiments and
can influence the estimation of spin transport properties, especially when the thickness of ferromagnetic material
is varied while thickness of heavy metal remains constant.

The spin Hall angles obtained from fitting for W, Pt, and Au, shown in Table 1, agree quite well with spin
Hall angles for thick heavy metals obtained in spin-orbit torque ferromagnetic resonance experiments used in
our previous papers®®*!. Larger spin Hall angle for Pt-based bilayer P1, where the thickness of ferromagnetic
metal varies, can be attributed to, f.i., changes in spin-mixing conductivity'’, which, as described above, we do
not take into account in current approach.

CoyoFegpBao-based bilayers. Figure 1 shows relative magnetoresistance as a function of heavy metal
(Fig. 1a—c) and ferromagnetic metal (Fig. 1d-f) layer thicknesses for H/CozgFegoB2g bilayers where H: W, Pt, Au.

Dependence of magnetoresistance on heavy-metal thickness, with fixed tr = 5 nm, shown in Fig. la-c ind-
cates, as expected, that SMR is the largest contribution to magnetoresistance in heterostructure with W as a heavy
metal layer due to larger spin Hall angle of W, |fsy| &~ 21%, compared to Pt,|6sy| ~ 6%, and to Au, |Osp| =~ 4%.
Consequently, in Pt and Au bilayers AMR dominates over SMR.

The dependence of magnetoresistance on ferromagnetic layer thickness is shown in Fig. 1d—f. For 5 nm-thick
W as heavy metal layer, shown in Fig. 1d SMR is still the dominating contribution to the total magnetoresist-
ance in the studied thickness range. For device with 3 nm-thick Pt, the SMR for #¢ 2 2 nm is smaller than
AMR. Note that for both W- and Pt-based bilayers the model fit and theoretical prediction do not describe the
behavior of MR for tg < 2 nm, which can be attributed to strong dependence of the interfacial parameters such
as spin-mixing conductance on thickness. Due to small spin Hall angle, SMR in Au-based is rather small and
MR is dominated by AMR.

Co-based bilayers. Magnetoresistance and relative magnetoresistance in H/Co bilayers (H: W, Pt) are
shown in Fig. 2 as a function of heavy metal (Fig. 2a,b) and ferromagnetic metal (Fig. 2¢,d) layer thicknesses.

For W and Pt bilayers with varying heavy metal thickness and tr = 5 nm, shown in Fig. 2, the total magnetore-
sistance is mostly due to AMR, in contrast to CozoFegoB2g-based bilayers described in the previous subsection.

For bilayers with varying ferromagnetic metal (Co) thickness, shown in Fig. 2¢,d, the total magnetoresistance
is also largely dominated by AMR.

Due to existence of a magnetic dead layer, disoriented crystalline structure of Co, and due to the fact that
magnetization of Co does not lie completely in-plane of the sample for small thicknesses we introduced the
magnetically effective thickness, fg o, of Co layer. More details on some of these aspects can be found in Sup-
plementary Information. Since the thickness of heavy-metal is fixed and the thickness of the ferromagnetic metal
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Fig. 1. Relative magnetoresistance, MR, as a function of heavy metal’s thickness, 1, for: a, W/Coz9FegoB2o, b,
CozoFeg0B20/Pt, and ¢, Au/CozoFegoByg bilayers, and as a function of ferromagnetic metals thickness, t, for: d,
W (5)/CozoFes0Bao, €, CozoFesoBao/Pt(3), and f, Au(5)/CozoFesoBy bilayers. Parameters used for theoretical
curves are gathered in Table 1.

increases, the large differences in resistivities result in larger portion of charge current flowing into Co leading
to negligible SMR—thus preventing proper estimation of spin Hall angle of both W and Pt.

Discussion

Our systematic analysis of magnetoresistance in in-plane magnetized heavy-metal/ferromagnetic-metal bilayers
with crystalline Co and amorphous CozFegB2o has shown that proper choice of ferromagnetic-metal is crucial
to the optimization of spin Hall magnetoresistance.

As shown in previous section, although W has larger spin Hall angle than Pt and Au, the magnetoresistance
of W/CozoFegoB2 and even W/Co (for thin W) bilayers can be lower than that of Co/Pt bilayer due to high AMR
contribution in the latter. This also leads to possible underestimation of SMR contribution which is lower in W/
Co than in W/CoyoFegByg bilayers, one of the main reasons for which is quite large difference in resistivities of
both layers (see Table 1), due to the fact that here 8-W phase is disoriented (amorphous-like) resulting in more
current flowing through Co than W and on average smaller spin Hall effect (see Supplementary Information).
Moreover, due to the fact that here W is mostly amorphous and Co crystalline, a different interface properties
between these materials than between crystalline-crystalline or amorphous-amorphous bilayers can influence
spin transport as well.

For materials with stronger spin-orbit coupling (W and Pt) and comparable resistivities to CozFegoB2o, one
obtains higher magnetoresistance response with thinner ferromagnet. In the case of Au-based bilayer, whose
resistivity is smaller than that of CozoFegoB2o, one obtains higher magnetoresistance with thicker ferromagnet.
The predicted SMR contribution for Au/CozgFegoB2o can be higher than the SMR contribution for CozgFegoB2g
/Pt due to the fact that larger current density flows through Au than through Pt, thus increasing the spin Hall
response.

The estimation of SMR in the case of metallic bilayers is hindered by large differences in resistivity of the
constituent metallic layers. Since in this case AMR is strongly dominating, the total MR increases with increas-
ing effective thickness of Co.

In conclusion, we have developed an extended model of magnetoresistance for magnetic metallic bilayers with
in-plane magnetized ferromagnets, which explicitly includes SMR and AMR contributions. The model was then
fitted to experimental data on magnetoresistance in: W/CozoFegoB2g, Co20Feg0B20/Pt, Au/CozoFesoB2o, W/Co,
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Fig. 2. Relative magnetoresistance, MR, as a function of heavy metal’s thickness, ty, for: a, W(t11)/Co(5), b,
Co(5)/Pt(ty) bilayers, and as a function of ferromagnetic metal’s effective thickness, tp o, for: ¢, W(5)/Co(tg eff),
d, Co(tpq)/Pt(4) bilayers. Parameters used for theoretical curves are gathered in Table 1.

Co/Pt heterostructures, to estimate the strength of SMR and AMR effects. In particular, we have compared the
influence of amorphous ferromagnet (CozoFegoB2o) and crystalline ferromagnet (Co) on total magnetoresist-
ance and analyzed the dependence of magnetoresistance on ferromagnet’s thickness, which allows for better
optimization of magnetic bilayers.

These results allow for a more accurate estimation of different contributions to magnetoresistance in magnetic
metallic systems, which is important for applications in, e. g., spintronic SOT-devices*? or in other experimental
schemes that rely on magnetoresistance measurements in evaluation of the spin transport properties.

Methods

Experiment. Table 1 shows the multilayer systems that were produced for SMR studies. The magnetron
sputtering technique was used to deposit multilayers on the Si/SiO; thermally oxidized substrates. Thickness
of wedged layers were precisely calibrated by X-ray reflectivity (XRR) measurements. The details of sputtering
deposition parameters as well as structural phase analysis of highly resistive W and Pt layers can be found in
our recent papers®®*!. Au in Au/CoyoFesoBag bilayers is (111) fcc textured similarly as Pt in CozoFegoBao/Pt
bilayer. In turn, structure analysis of the hcp-Co crystal phases grown on disoriented 8-W can be found in the
Supplementary Information.

After deposition, multilayered systems were nanostructured using either electron-beam lithography or opti-
cal lithography, ion etching and lift-off. The result was a matrix of Hall bars and strip nanodevices for further
electrical measurements. The sizes of produced structures were: 100 m x 10 wm or 100 sm x 20 um. In order
to ensure good electrical contact with the Hall bars and strips, Al(20)/Au(30) contact pads with dimensions of
100 wm x 100 um were deposited. Appropriate placement of the pads allows rotation of the investigated sample
and its examination at any angle with respect to the external magnetic field in a dedicated rotating probe sta-
tion using a four-points probe. The constant magnetic field, controlled by a gaussmeter exceeded magnetization
saturation in plane of the sample and the sample was rotated in an azimuthal plane from —120° to +100°.

The resistance of the system was measured with a two- and four-point technique using Keithley 2400 sourcem-
eters and Agilent 34401 A multimeter. As shown in Supplementary Information, resistances of bilayers with amor-
phous ferromagnet CozoFegoBop are about one order higher than these with polycrystalline Co. The same results
were obtained using both methods. The thickness-dependent resistivity of individual layers was determined by
method described in Ref. 7, and by a parallel resistors model. For more details on resistivity measurements we
refer the reader to Supplementary Information.
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Theory. To properly assess all contributions to magnetoresistance one should find first the average current
density flowing through the whole heterostructure. This approach, in contrast to the one described in Ref. 5
allows one to properly describe magnetoresistance in more complicated heterostructures, where ad hoc addition
of consitutent terms might lead to oversimplification and improper determination of different components in
the magnetoresistance. Moreover, calculating average current density allows for a phenomenological description
of how various magnetoresistance effects depend on thicknesses of the constituent layers. The drawback, how-
ever, is the necessary simplification of fitting parameters, which we discuss in more detail in the next subsection
devoted to fitting procedure.

Only the component flowing along the normal to interfaces is relevant and will be taken into account in the
following, i.e.

Osy . 1 aull(z)
+H S
=——¢, xE+

Ji (@) ,0(1){ € Zepé{ 9z

. (1)

Here 6y is the spin Hall angle, pi!is the bare resistivity of the heavy metal, and ! (2) is the spin accumulation
that is generally z-dependent.
The charge current density in the heavy-metal (H) layer, in turn, can be written in the form

1 Osu . opllz
LB+ SHH &, x M (2)
0o 2epp 0z

(@) = , (2)
and contains the bare charge current density and the current due to inverse spin Hall effect. Note, that the
spin current in general can induce charge current also flowing along the axes x and y. However, due to lateral
dimensions of the samples much larger than the layer thicknesses and spin diffusion lengths, those additional
components can be neglected.

Thus, one can write?$?%:

B F OAMR . [ . F
L _vuf@ - mm- Vv ,
20T @ 2e0t [ - Vs (2)] (3)

1
jif@) = —=5Vul@ +
2ep,

in which Oomgr is the AMR angle, defined as Oamr = oAMRpg, while p,f(r) =2eE-r+ ,u,f(z) is the electro-
chemical potential.
Charge current density in the ferromagnetic layer (F) can be written as
OAMR .

B g PR
26p£vus(z) zepgm[m Ve ()] (4)

28,29
>

1
L) = —Vufm +
2ep,

Note, in the above equations the current densities in both H and F layers we assumed as linear response to electric
field, i.e. we neglected the so-called unidirectional spin Hall magnetoresistance effect®*-%.

The spin current jiF flowing through the heavy-metal/ferromagnet interface is given by the following
expression [43]:

T = Ge| (k0 — pH(0) - ! |t + Gy x 1 x ut(0). (5)

Here Gr = (1 — yz)(GT + G})/2 with y defined as y = (G4 — G)/(G4 + G}) and G4 and G denoting the
interface conductance for spin-1 and spin-| . Furthermore, G, = ReGpix and G; = ImGpix, where Gpix is the
so-called spin-mixing conductance. Note, that we neglect explicitly a contribution from the interfacial Rashba-
Edelstein spin polarization®®. A strong interfacial spin-orbit contribution which induces spin-flip processes can
also be combined with the interfacial spin conductance Gr as a spin-conductance reducing parameter 1 — 7, with
n = 0 for no interfacial spin-orbit coupling, and n = 1for maximal spin-orbit coupling. Note, that this reduction
could also be attributed to the magnetic proximity effect, especially in the case of Pt-based heterostructures'?,
however recent studies suggest its irrelevance for spin-orbit-torque-related experiments®. In the following
discussion we assume 7 = 0 and treat Gr as an effective parameter.

To find charge and spin currents we need to find first the spin accumulation at the H/F interface and also at
external surface/interfaces. This can be found from the following boundary conditions:

iz = —tm) =0, (6a)
jitz=tp) =0, (6b)
itz =0 =jif, (6¢)
je=0=j" r. (6d)

Having found electrochemical potential and spin accumulation from general solution

utt(z) = Ap e /"1 4 By et/ 7)
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where Ar g and B p are coeflicients to be determined and Ag g is the spin diffusion length in ferromagnet or
heavy metal, one can find the longitudinal in-plane components of the averaged charge current j(m) from the
formula:

jxx (Iﬁ) =

1 A H A <-F
Pa—— [/m dzey -j. (z) + /tp dzey - j, (z)} . (8)

The total longitudinal charge current can be written down in the Ohm’s-law form,

jxx (1) = ————Fy, 9
P ) ©
where the longitudinal resistivity is defined as follows:
- =(ro+(rxm,2(+a},m§ (10)
Pxx(m)
with
Pg tg + ,0(1){ tp
0N F o . FoH, an
PoPo tF + Py Py tH
_ 83 goLiu anh ( tu ) _ Oamr tF
p(l)'I tr + ty 2u P(l; I+ ty ’ (12)
= oSH 4 GAMR
02 F H tH
oy = s—g 8H tanh (—) . (13)
py P+ tH 204

In the above expressions the following dimensionless coeflicients have been introduced to simplify the notation:

tg gr(l +gr) +g,2
= |1—sech| — | |=——"—=2, 14
£o { (Anﬂ (1+g)+g o

t
gri = 2Gr,i/0(l){/1H coth (%) , .
H
F t |
&y = [l—sech<i)} |
A 1 F . -
H/11+ (m + VH) tanh (LH>
s F
E AF Qg tF)
= —F—5 coth| —|. ;
ST (;,F (17)

With the resistivity defined in Eq. (10) we can now define magnetoresistance,

_ Pxx (1 || &) — pxx (1 || éy)

MR — , (18)
Pxx (M || &)
Taking into account Egs. (11)-(13), the above formula can be written as,
oy — 0.
MR~ 2% (19)
oo
In order to compare the models with and without AMR, we define SMR as:
oSH _ gSH
SMR = MR =2 * (20)
OAMR—0 00
which simplifies our model to that introduced by Kim et al. 5. We also define AMR coeflicient
o AMR
AMR = MR =—-—"— 1)
Osp—0 %0

Fitting procedure. In order to analyze the experimental data in light of our extended model, we fit Eq. (19)
to the data on relative magnetoresistance. We have assumed some constant values according to literature and
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our previous works: spin polarization at Fermi level of both Co and Co,gFegoB3g are taken as 8 = 0.3. Note that
this value can range in CozoFegoBao from 0.1 to 0.6* and can influence the fit of the model to the data. We have
assumed spin diffusion lengths in Pt and W from our previous papers®***! to be 2.2 nm and 1.3 nm, respectively.
For CopgFegoBao we assumed constant room-temperature value of 2r &~ 5 nm *° and for Co /r ~ 7 nm*. Note,
that we have assumed constant effective spin diffusion lengths for the constituent layers obtained from our previ-
ous analyses ***1. In general, however, these parameters can depend on temperature or thickness of the layers***.
This fact can lead to underestimation of spin diffusion lengths and overestimation of the spin Hall angles. One
of the remedies might be to use effective thickness-dependent parameters®. However, such approaches are still
mostly empirical and not based on proper theoretical grounding and as such have their own limitations.

Moreover we have assumed transparent contacts for spin transport, i.e. Gk — 0o and G, — 00, and also
assumed G; to be negligible. These assumptions are mostly valid for metallic interfaces. However, these parameters
can also strongly depend on type of interface, i.e. they can differ in amorphous/crystalline (f.i. CozoFegoB2o/Pt),
crystalline/crystalline (Co/Pt), and amorphous-like/amorphous (f.i. W/CozoFegoB2o) heterostructures.

We have assumed spin Hall angle 65y and AMR coeflicient 6aMmr as fitting parameters and the results of fitting
the model to the experimental data on magnetoresistance are gathered in Table 1. Morevoer, we have assumed
anomalous Hall effect to be negligible in the in-plane magnetized systems considered in the paper. This effect
might play an important role for ferromagnets with stronger spin-orbit coupling or ferromagnets tilted out of
plane?-%,
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