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Statistical characterization of the spin Hall magnetoresistance in YIG/Pt heterostructures
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The spin Hall magnetoresistance (SMR) is widely used to study the interplay between charge and spin currents
in bilayers of a magnetic insulator and a normal metal. However, not much is known about the spatial variation of
the SMR across the surface of the same sample. In this work, we investigate the statistical distribution of the SMR
in hundreds of nominally identical Hall bar structures patterned into prototypical yttrium iron garnet (YIG)/Pt
heterostructures. We find a Gaussian-distributed SMR with a narrow standard deviation of approximately 10%
of the mean value in each YIG/Pt bilayer studied. However, the variation of the mean SMR between different
YIG/Pt samples can be as large as ~35%, despite nominally identical fabrication conditions. Additionally, we
compare the SMR statistics in YIG/Pt heterostructures prepared in-situ (without breaking the vacuum) and ex-situ
(with the YIG layer exposed to air before Pt deposition), as well as in CoFeB/Pt. We find the SMR standard
deviation to be systematically smaller for in-situ interfaces. We conclude that on a microscopic level, local
variations of the interface quality captured by the spin mixing conductance are the most likely origin for the

observed SMR amplitude variations.
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I. INTRODUCTION

Pure spin current phenomena enable the transfer of spin
angular momentum without an accompanying charge flow,
which makes them the backbone of modern spintronics [1].
A quantitative understanding of how spin currents are gen-
erated, transmitted, and absorbed at interfaces is essential
for optimizing spin transport efficiency and for advancing
applications such as spin—orbit torque switching for magnetic
memories [2,3], spin Seebeck devices [4-6], and magnonic
circuits [7-9]. In this context, the spin Hall magnetoresistance
(SMR) provides an effective probe of interfacial spin trans-
fer processes. The SMR occurs in bilayers consisting of a
magnetic layer (FM) and a normal metal (NM) layer [10-12].
The SMR arises from a magnetization-orientation-dependent
spin transfer across the FM/NM interface [10-12], resulting
in a change of the resistivity of the NM as a function of the
magnetization orientation in the FM. The effect is quantified
by the ratio of the magnetization-dependent resistivity change
Ap and the resistivity py of the NM itself: SMR = Ap/pp.
Typically, the NM consists of a heavy metal like Pt or Ta
featuring a large spin Hall effect [1,13,14]. Magnetic insula-
tors like yttrium iron garnet (YIG) are the prototypical FM
layer, as the charge current flow in the FM/NM bilayer is then
limited to the NM layer.
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After its initial discovery and theoretical description
[10,12], the SMR has been extensively studied [15]. Next to
the prototypical combination of YIG/Pt, the SMR has been
observed in a manifold of different material combinations
[11,16-24]. Between these materials, the value of the SMR
can vary by multiple orders of magnitude with the largest
values reported in YIG/Pt and Fe,03/Pt, being SMR = 1.6 x
1073 and 2.5 x 1073, respectively [11,21]. The SMR can
also be the dominant magnetoresistance effect in all-metallic
bilayers, for example, in CoFeB/W [19]. While theoretical
approaches modeling the SMR have been put forward, a
quantitative analysis and comparison of the effect size for
different material combinations remains to be performed [25].
Such a modeling is further complicated, as even in YIG/Pt
[10,11,26,27], the SMR effect amplitude differs significantly
in the literature [11,26,27]. These differences can be traced
back to multiple parameters determining the effect: the spin
Hall properties of Pt [28], the thickness of Pt [11], and the
interface quality defining the spin transparency [27,29]. While
the Pt thickness and resistivity can be controlled via the depo-
sition [11,28], its texture, crystallinity, or grain size is more
tedious to characterize [30]. Moreover, strong variations in
the SMR amplitude can arise due to the interface quality [31].
In particular, the YIG/Pt interface can either be obtained in
an in-situ [11] or ex-situ process [29,32]. The largest SMR
in YIG/Pt is observed for in-situ interfaces [11], whereas the
initial surface treatment of the YIG layer largely impacts the
resulting SMR effect size in an ex-situ process [27,29,32-34].

Despite the large spread in SMR amplitudes and parameter
values, the SMR amplitude for a given FM/NM bilayer sample
is commonly extracted from measurements on a single Hall
bar device and taken as a representative value for this mate-
rial combination. Interestingly, not much is known about the
reproducibility and the statistical error across the surface of
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a single sample, not to speak of a series of bilayer samples
fabricated using a nominally identical fabrication procedure.

In this work, we compare the SMR response of three
nominally identical YIG/Pt bilayer samples with an ex-situ in-
terface, a YIG/Pt bilayer prepared in-situ, and an all-metallic
CoFeB/Pt sample also prepared in-situ. To quantify the sta-
tistical distribution of the SMR amplitude, we systematically
study hundreds of Hall bar devices patterned onto each of
the above samples, respectively. For the ex-situ samples, we
find a Gaussian distribution of the SMR on each sample with
a narrow standard deviation not larger than ~10%, whereas
between nominally identical samples the SMR can vary by up
to 35%. In turn, the distribution in the two samples prepared
in-situ is narrower. We conclude from these findings that
nonuniform interface properties are the main cause for large
SMR amplitude variations in a given bilayer sample.

II. SAMPLE PREPARATION AND EXPERIMENTAL
METHODS

For the three YIG/Pt bilayer samples with ex-sifu interface,
referred to as samples SE1, SE2 and SE3 in the following, we
utilized commercially available YIG films epitaxially grown
via liquid phase epitaxy (LPE) as the magnetic layer. Before
the Pt deposition, the surface was cleaned with Piranha-acid
(H,0, : H,SQOy) as detailed in Ref. [35].

A 5nm Pt layer was then deposited via magnetron sput-
tering in an ultra-high vacuum (UHV) deposition system with
a base pressure smaller than 1 x 1077 mbar, at a RF power
of 50W, yielding a deposition rate of 1.8nmmin~—!. The
YIG/Pt bilayer sample denominated SI was deposited in-situ,
without breaking the vacuum. We used a GGG (Gd3GasOy,)
single crystal substrate cleaned in acetone and isopropyl al-
cohol, onto which we deposited a YIG layer via magnetron
sputtering in an ultra-high vacuum deposition system with
a base pressure smaller than 1 x 1078 mbar, at a RF power
of 80 W, resulting in a deposition rate of 0.3 nm min~'. The
deposition and the subsequent annealing in O, atmosphere
were performed at an elevated temperature of 820 °C for 1 h.
The sample was then transferred to the Pt deposition chamber
(pressure smaller than 1 x 1073 mbar) via an UHV transfer
tube, without breaking the vacuum and a Snm Pt layer was
deposited at an RF power of 80 W, yielding a deposition
rate of 4.1 nm. For the CoFeB/Pt bilayer sample SM, we
used a thermally oxidized Silicon wafer [Si/SiOx (1024 nm)]
cleaned in acetone and isopropyl alcohol as the substrate, and
deposited CoFeB via magnetron sputtering in an ultra-high
vacuum deposition system with a base pressure smaller than
1 x 1078 mbar, at a RF power of 50 W, yielding a deposition
rate of 1.9 nm min~!. After the CoFeB deposition, a 5nm Pt
layer is deposited using the same Pt deposition technique as
detailed for sample SI.

After deposition, Hall bars are defined using optical lithog-
raphy and Ar™ ion etching. Figure 1(a) schematically depicts
a Hall bar structure. Figure 1(b) shows a micrograph of the
patterned sample. The magnetoresistance response of the Hall
bars is characterized in a custom-build probe station. A ro-
tatable permanent magnet Halbach array [36,37] is used to
rotate a magnetic field of constant magnitude within the FM/Pt
interface plane, and thus to control the in-plane magnetization
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FIG. 1. (a) Hall bar device and coordinate system used through-
out this study. Via magnetron sputtering, a Pt layer being fp, thick
is deposited onto a given FM film. By using optical lithography,
hundreds of Hall bars with width w and length [ are patterned into
the Pt layer. A current / is driven through the device, and the voltage
V is measured. The magnetization of the FM layer is rotated in the
film plane by an external magnetic field applied at a varying angle
a. (b) Micrograph of sample SE1. (c) Resistivity modulation and
(d) normalized magnetoresistance obtained from the three framed
Hall bars in (b). The SMR (A p/py) is indicated for the measurement
shown in blue.

of the FM layer. The angle between the current direction j and
the magnetization M is defined as «. Micropositioners with
tungsten tips are used to contact a given Hall bar to apply
a current / along the Hall bar and to measure the ensuing
voltage V. As the sample is mounted onto an x-y-z stage, our
probe station allows measuring the SMR in multiple Hall bars
in a fully automated fashion. By taking the Hall bar dimen-
sions into account the resistivity pjong and the field-orientation
dependent resistivity change Ap can be calculated. All mag-
netotransport measurements are performed with the sample at
room temperature, i.e., exposed to ambient conditions in the
laboratory.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1(c) exemplarily shows the SMR observed in sam-
ple SE1 in three different Hall bars framed in Fig. 1(b). The
SMR manifests as a cos?(e) modulation of the longitudinal
resistivity [10,11]. We fit the data by using

Piong = Ap - cos? (& + a9) + po, (1

and calculate the SMR amplitude as SMR = Ap/po. Here, g
corresponds to a phase shift of the SMR modulation, which
can occur due to a misalignment of the external field with
respect to the sample in the measurement setup. The SMR in
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FIG. 2. (a) Repeatability of the measurement scheme on a single
Hall bar on sample SE1. The contacting and measuring scheme was
performed 8 times over an hour. The total change of the average
resistivity corresponds to a temperature change in the laboratory of
0.15K. The fit to the data yields oy = —11.1 deg, which accounts
for the misalignment of the external field. (b) The normalized data
for all performed measurements yield a mean SMR of 3.41 x 1074,
with the standard deviation ¢ = 0.04 x 10~*, emphasizing the repro-
ducibility of our measuring scheme.

the three Hall bars is SMR = 3.48 x 10~%, 3.37 x 10~%, and
3.72 x 1074, respectively. This emphasizes a similar SMR
effect in all measurements. Small deviations of Ap and py on
the scale of 10% and 3% are noticeable between the different
devices in Fig. 1(c) and 1(d). Possible causes are discussed in
the following.

In a first iteration, we discuss the influence of the external
temperature on the measurement results and the extracted
SMR. The setup is not temperature-stabilized, and the Pt
resistivity is very sensitive to changes in temperature. This
influence is highlighted by the Pt temperature coefficient of
5.752 x 1073 K~! (determined from a calibration measure-
ment). Thus, changes in resistivity can stem from temperature
variations during the measurement of the devices.

To assert that the normalization of Ap to py does not hide
additional effects and gauge the reproducibility of the auto-
mated contacting, we perform several measurements over the
course of an hour on one Hall bar on sample SE1. Figure 2(a)
depicts the resistivity of 8 measurements performed on the
same Hall bar. The resistivity offset pp varies significantly
between the measurements. Using the temperature coefficient
introduced earlier, the change in resistivity can be explained
by a laboratory temperature change of 0.15 K. As the heating
of the Hall bar owing to the current flow amounts to 3 mK at
most, the differences in resistivity can be attributed to changes
in the external temperature. After normalization of the data,
very similar SMR amplitudes become apparent with a narrow
standard deviation of o = 4 x 107°, which is less than 2%
of the SMR amplitude (cp. Fig. 2(b). This result demonstrates
that our measurement technique yields a robust SMR value on
each device and is suited for the statistical investigation of the
SMR.

We thus turn to the statistical analysis of the SMR by inves-
tigating the N = 225 Hall bars on sample SE1. We measure
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FIG. 3. (a), (b), (¢), (d), and (e) Color maps of the SMR response
for the different Hall bars on samples SE1, SE2, SE3, SI, and SM
where SE1, SE2, SE3, and SI consist of YIG/Pt bilayers and SM is a
CoFeB/Pt bilayer. Every rectangle corresponds to a Hall bar, and the
color of the individual rectangle represents the value of the SMR.
In all five samples, the SMR is quite homogeneously distributed;
however, a small scattering of the SMR values is visible. Geometrical
factors as well as temperature-dependent effects can be excluded
as an explanation (see main text). This leaves intrinsic effects im-
pacting the SMR such as the spin transparency of the YIG/Pt- and
CoFeB/Pt-interface as the microscopic mechanism leading to the
SMR amplitude distribution. (f), (g), (h), (i) and (j) Histograms of the
SMR amplitude distribution for samples SE1, SE2, SE3, SI and SM.
Fitting a Gaussian distribution yields mean values pugmr of 3.54 x
107, 4.61 x 1074, 4.87 x 107, 5.59 x 10~* and 2.3 x 10~ and
standard deviations ogyg of 0.27 x 107#,0.23 x 107*, 0.14 x 1074,
0.06 x 107 and 0.56 x 107*, respectively. Therefore, the variation
of the SMR on one sample is as small as 10%. However, the SMR
variation across multiple, nominally identical samples can be up to
35%.

the resistivity of all Hall bars and extract their magnetization
orientation-dependent resistivity change and resistivity offset.
Such a large set of measurements allows us to determine the
statistical distribution of the SMR. In Fig. 3(a), the spatial
distribution of the SMR in SEl is depicted. Each rectangle
represents an individual Hall bar device, with the positions in
the color map corresponding to the position on the sample.
White spaces describe shorted or broken devices.

184427-3



DENISE REUSTLEN et al.

PHYSICAL REVIEW B 113, 184427 (2026)

TABLE I. Mean value usyr and standard deviation ogyr of the
SMR, as well as the mean resistivity 11, and corresponding standard
deviation, for the five samples investigated. Samples SE1, SE2, SE3
(with ex-situ interfaces) and SI (with in-situ interface) are YIG/Pt
bilayers, SM is a CoFeB/Pt bilayer.

ISMR

ISMR M/)o UPO
Sample JLSMR OSMR (%) (n2m) (n2m)
SE1 3.54 x 107*  0.27 x 10~* 7.6 366 10.9
SE2 461 x107* 0.23 x 107 5.0 283 6.7
SE3 487 x 107*  0.14 x 107 2.9 449 11.5
SI 559 x 10™*  0.06 x 10~* 1.1 239 2.1
SM 23x 1073 0.56 x 107 2.4 514 21.6

In total, more than 90% of the devices functioned and were
evaluated. A consistently large amplitude around SMR =4 x
10~* is found across the whole sample. However, a slightly
brighter area, corresponding to a larger SMR amplitude, can
be observed on the left. The SMR amplitude can be expressed
via Eq. (2) [12]:

SMR — 205;2* G tanh? (%) | ®
1 + 240G coth (%)

Here, 6sg = pp - osp is the spin Hall angle with the spin con-
ductivity osy and A = op, - ¢ is the spin diffusion length with
op = ﬁ and ¢ = 0.61 x 1075 Qm? [28,30]. Equation (2)
implies that the SMR depends on several parameters. Espe-
cially, the spin mixing conductance G is demanding to control
in the fabrication process. Therefore, variations of the SMR
across the surface of a given bilayer sample are most likely to
stem from a change of G across the sample.

Figure 3(f) depicts a histogram of the extracted SMR
(Ap/po) for sample SE1, where similar SMR values are
binned. Shorted or broken devices are excluded. The his-
togram reveals a Gaussian distribution of the SMR across the
sample. This information is crucial to establish how deviations
of the SMR ratio can be associated with variations between
devices in a sample. To statistically analyze the distribution of
the SMR, the data is fit by:

1 ,L(M)z
F(SMR) = e\ o/, (3)
o X 2w
where  is the mean value and o the standard deviation.
We find pugg; = 3.54 x 107* and ogg; = 0.27 x 1074, see
Table I, where ogg; is well beyond the measurement repro-
ducibility.

Repeating this statistical assessment of the SMR amplitude
for the other two nominally identical samples (SE2 and SE3),
with ex-situ interfaces, allows comparing the SMR between
different YIG/Pt heterostructures. In some more detail, we
measured the SMR in all Hall bars on samples SE2 and
SE3 using our automated probe station, as described in the
previous paragraph. We observe a SMR response very similar
to sample SE1, as shown in Figs. 3(b) and 3(c). Figures 3(f),
3(g), and 3(h) depict the corresponding SMR distribution
across the respective sample. The Gaussian distribution in
Figs. 3(g) and 3(h) correspond to usmr sgx = 4.61 x 1074
and psmr, sz = 4.87 x 10—, the standard deviations are sum-
marized in Table 1. The histograms of the SMR of the three

samples (SE1-SE3) can be consistently described via a narrow
Gaussian distribution [see Figs. 3(f)-3(h)].

We now turn to the samples SI and SM, which feature
FM/Pt interfaces fabricated in-situ, without breaking the vac-
uum. The SMR response of the Hall bar arrays patterned
into the YIG/Pt sample SI is shown in Fig. 3(d), and the
corresponding amplitude histogram in Fig. 3(i). Note that
this sample features the smallest standard deviation of the
SMR amplitudes among the YIG/Pt bilayers. For the metal-
lic CoFeB/Pt sample SM, analogous data are depicted in
Figs. 3(e) and 3(j), respectively. While the standard deviation
of 0.56 x 10~* might appear rather large at first glance, one
has to keep in mind that the SMR magnitude in CoFeB/Pt
is also about one order of magnitude larger than the one in
YIG/Pt. Thus, the sample SM shows a comparatively small
standard deviation of the SMR amplitude.

Overall, all five samples exhibit a robust SMR value in the
sense that the standard deviation is much smaller than the
mean amplitude (see also the ratio osvr/Usmr in Table I).
Consequently, on hindsight, the measurement of a single de-
vice on a YIG/Pt sample provides a reasonable representation
of the sample quality and the actual size of the SMR. However,
as revealed by our statistical analysis, the precise magnitude of
the SMR amplitude can only be estimated from the response
of one single Hall bar with an uncertainty of (several) 10%
[11,15,29].

We would like to stress that the mean SMR values of all
samples are in good agreement with the literature. For YIG/Pt
samples with ex-sifu interfaces fabricated using a similar treat-
ment as the one we used for samples SE1, SE2, and SE3, SMR
values of about 3 x 10~* have been reported [29]. Moreover,
for Pt film thicknesses comparable to the one used for the
samples studied here, SMR values ranging from 1.6 x 1073
for in-situ interfaces [11] to 6.2 x 10~ without prior surface
treatment [27] have been reported. The mean SMR of samples
SEI1, SE2, SE3, and Sl is thus well within the expected range.
Similarly, the SMR amplitude extracted from sample SM
is comparable to the values reported for CoFeB/Pt bilayers
(2.6 x 1073, [38]). However, while the SMR of the individ-
ual samples is robust and well-defined, the sample-to-sample
deviations are well beyond the standard deviations. This sug-
gests that despite nominally identical preparation conditions,
a significant variation of the observed SMR is present. We
now discuss the variation of the SMR in a single sample and
between different samples, and further its dependency on the
resistivity. To that end, Fig. 4 summarizes the SMR versus
the corresponding py for every Hall bar of all five samples
SE1, SE2, SE3, SI and SM [see Figs. 4(a)-4(f)]. The dashed
lines indicate the standard deviation of the SMR and of the
resistivity (see also Table I).

The Hall bar geometry, temperature, and the YIG/Pt inter-
face quality could influence the correlation of the SMR and
the resistivity. As already observed in Fig. 2, the temperature
strongly influences the resistivity pg. By assuming that the
temperature does not change more than 5 K during the entire
measurement run, only a resistivity change of 3.19nQ2m can
be explained. However, the standard deviation clearly exceeds
this by a factor of 3.4. Additionally, a minor impact of the
temperature on the SMR is well established [39] and is as-
sumed to behave linearly in a range from 150K to 300 K.
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FIG. 4. (a), (b), (c), (d), and (f) Correlation of the SMR and the
resistivity po for every Hall bar measured on SE1, SE2, SE3, SI, and
SM. The dashed lines indicate the standard deviation of the SMR
amplitude and py, respectively. In (a), if the SMR values increase,
the resistivity decreases and vice versa, whereas the opposite be-
havior is expected from Eq. (2). In (b), (c), and (d), this behavior
is not reproduced, suggesting that the observed trending is unique to
sample SEI. (¢) The mean of all SMR values and resistivity values
per sample. The error bars indicate the standard deviation of both
the SMR and py. Additionally, the gray line is a calculation of the
SMR according to Eq. (2), revealing a trend depending on py, which
reproduces the measured data well. We used G = 3 x 10" Q~'m~2
for the dashed line, G =5 x 10" Q~'m~2 for the solid line, and
G =3 x 10" Q~'m~2 for the dash-dotted line.

A temperature change of 5K leads to an SMR change of
0.23 x 1073, which is almost an order of magnitude smaller
than the standard deviations of all measured samples. Ulti-
mately, laboratory temperature variations thus cannot account
solely for the observed variations of oy and the SMR across
the sample surface.

In order to exclude the variations of the Hall bar geome-
tries, a few Hall bars were randomly chosen and their width
and length measured, yielding a variation of up to 5% in
both dimensions. In turn, the thickness #p; of the Pt layer on
SE1 was analyzed via ellipsometry on 6 different locations,
all resulting in #p; = 5.1 nm with variations not larger than
0.3 nm. We thus conclude that the variations in the actual Hall
bar geometry are the likely origin of the observed standard de-
viation in py. However, since the geometry does not enter into
the SMR due to the normalization of Ap to py, geometrical
variations cannot explain the observed deviations of the SMR.

Having excluded extrinsic effects, the observed variation of
the SMR evident from Fig. 4 must stem from intrinsic proper-
ties of the YIG/Pt heterostructure. In the following, we discuss
potential changes in the intrinsic spin Hall properties of the
Pt film. Here, the spin Hall angle 6sy and the spin diffusion
length A depend on py [28]. Large py corresponds to large

Osu, whereas large p( corresponds to small A. Both parameters
influence the SMR [see Eq. (2)]. However, in Fig. 4(a), large
SMR values systematically correspond to small resistivity val-
ues and vice versa. Neither thickness variations nor the scaling
of Osy and A explain this nontrivial behavior. We interpret this
as evidence that Osg and A are not the main cause for the
variations in the SMR amplitude across the sample surface.

This leaves the YIG/Pt interface quality as a possible
cause for the observed variations. Generally, the spin mixing
conductance G seems to be rather homogeneous across the
sample; however, small deviations cannot be excluded. The
trending of the correlation in Fig. 4(a) seems to be uniquely
attributed to this sample and is absent in the other samples
[see Figs. 4(b), 4(c), and 4(d)]. Consequently, the origin of
the correlation cannot be pinpointed further.

Furthermore, the ratio of the SMR standard deviation and
the mean SMR value osyr /smr of the samples SI [Fig. 4(d)]
and SM [Fig. 4(f)], being ~1% and ~2.4% is on the lower end
than for the other samples. Since both SI and SM feature an
in-situ interface, we associate the small statistical scatter with
the more homogeneous interface quality.

In Fig. 4(e), the mean of all SMR and resistivity values
extracted from YIG/Pt bilayers and their corresponding stan-
dard deviations is plotted. As stated before, large py should
be accompanied by large SMR values [cp. Eq. (2)]. Three
different spin mixing conductances G = 5 x 10" Q~'m~2
(solid line) G = 3 x 10" Q~'m~2 (dashed line) and G =
3 x 10" @ 'm~? (dash-dotted line) are used to model the
SMR as a function of pg [see Eq. (2)]. This scaling is depicted
in Fig. 4(e). Here, for G =5 x 10'* Q~'m~2, the SMR model
resembles the mean SMR obtained in sample SE1 (green)
and SE3 (yellow) well. However, in SE2 (violet) and SI
(red), a somewhat different spin mixing conductance of G =
3 x 10" ~'m~2 matches the data best.

The spin mixing conductance (viz., the interface quality) is
the only parameter that cannot be controlled easily across the
entire sample in this study. Therefore, we conclude that both
the scattering of the SMR on an individual sample and the
deviations across several samples are most likely attributed
to a varying spin mixing conductance between the individual
samples and across their surfaces, respectively. This notion
is further corroborated by comparison between in-situ and
ex-situ samples. Despite these variations, we can overall re-
produce a consistent SMR value across the sample with a
narrow standard distribution.

IV. CONCLUSION

In summary, we have investigated the SMR in multiple
FM/Pt bilayer samples. Onto each bilayer, we patterned nu-
merous Hall bar devices and investigated the statistics of the
SMR. We find a mean value ;1 = 3.54 x 10~* and a standard
deviation o = 0.27 x 10~* for sample SE1 with 225 devices.
The standard deviation is approximately 10% of wu, which
is reproduced in the other two, nominally identical samples.
Two reference samples with in-situ interfaces, specifically a
YIG/Pt sample and a CoFeB/Pt sample, show a significantly
more narrow osmr/MUsmr Of 1% and 2.4%, respectively. We
conclude that the SMR is Gaussian distributed and repro-
ducible across a given sample, but can vary significantly
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between samples. The dominant source of the scattering of
the SMR is found to be the spin mixing conductance, leading
to variations of ~35% of the SMR when comparing different
samples. Our experiments thus yield insights into the statisti-
cal behavior of the SMR, its spatial homogeneity, the impact
of the material combination, and the fabrication process. Our
results show that spatial variations of the spin mixing con-
ductance must be carefully considered when investigating
small variations in the SMR, especially between different
samples.
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APPENDIX: DATA ANALYSIS

Since we use a computer-controlled probe station to record
the magnetotransport response of hundreds of Hall bar struc-
tures on a given sample in a fully automated fashion, we
have to identify all acquired data sets and remove data sets
jeopardized by contact problems, shorted or broken devices,
etc. In the following, we detail the procedure we used to
this end. Prior to recording the magnetotransport response of
a given Hall bar, an automatic approach step is performed.
Hereby, the sample is moved towards the fixed measure-
ment tips while monitoring the voltage drop along the Hall
bar. The approach stops if defined conditions (2-wire voltage
Vow < 0.25V, standard deviation of 5mV at a current =
100 uA) are satisfied. These conditions correspond to a bar
resistance <2.5 k€2, well above the expected device resistance
of ~400 Q2. Requiring a low standard deviation of repeated
voltage readings as a function of time ensures stable contact
of the tips with the sample. Broken devices or devices, which
cannot be contacted in a stable way, are thus never measured
because they do not fulfill the above conditions. For all other
Hall bars, the magnetotransport response—or more precisely
the longitudinal 4-wire voltage drop V4, detected via a second
set of probe tips as shown in Fig. 1(a)-is recorded and stored
on the computer. For the sake of clarity, we will refer to
the set of voltages V4, (o) as a function of magnetic field
orientation « recorded in one given Hall bar as one dataset
in the following.

Next, the longitudinal resistivity pjong Of the Hall bars is
calculated using

Vaw  w - Ip
1 [

Plong = (A1)

AB (mT)
o un
o o o
n N & K” o
@ 2?2 c o -

(a)

5-10°

- 231075
o [
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1150
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) 100 )
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FIG. 5. Data analysis (a) Each data set has to fulfill several con-
ditions in order to exclude shorted or broken devices as well as data
sets with large fluctuations to prevent any distortion of the statisti-
cal analysis. First, that data have to pass a voltage threshold while
contacting. Further, after calculating the median MZ" of all data sets,
only data sets having their median value falling between 0.85;[2“
and 1.15/1‘/‘)” are evaluated, all others are excluded (red shaded area).
Additionally, the verified data is masked to exclude large fluctuations
(yellow shaded area) and fit. Lastly, by taking the fit parameters, the
data is again masked. Only data points within the green shaded area
are finally selected for the evaluation. (b) Spatial mapping of AB at
z = 0 mm. (c) Spatial mapping of « of sample SI. (d) Histogramm of
o of sample SI. (e) and (f) Spatial distribution of ¢ of the samples
SE2 and SE3 in which the Hall bar structures were systematically
rotated by design.

where [ is the applied current, w and [/ are the width and
length of the Hall bar, and #p is the thickness of the Pt layer
[cp. Fig. 1(a)]. We furthermore calculate the median resistiv-
ity ui;d for each individual Hall bar from the corresponding
dataset, as well as the median resistivity u! of all datasets.

p .
Hall bars for which the individual median ug‘d is outside of

the interval of 0.85u%" and 1.15.43" are discarded [red shaded
area in Fig. 5(a)]. This step is crucial to sort out devices
that are shorted or not properly contacted. Further, to exclude
individual measurement points showing large deviations, e.g.,

due to vibrations leading to loss of contact only at specific
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field angles o, every data set measured in YIG/Pt (CoFeB /Pt)
is masked using

. (Ol) _,,ind
mask = ‘p")g—d“” <5x107* (5x107%), (A2)
Kp

where pjong () is the longitudinal resistivity for every rotation
angle « in a given dataset [see yellow shaded area in Fig. 5(b)].
Then the masked data is fit by using Eq. (1). To avoid errors
in the fits due to further outliers that are not excluded by the
coarse masking in Eq. (A2), the data is again masked using
the fit as a reference:

Plong () — fit
iy
after which the data is fit a final time. We note that the two
masking steps typically only exclude at most a few points
from the measurement. If more than 20% of the points in one
dataset are excluded, the entire dataset is discarded and not
considered in the statistical evaluation. Taken together, only
data points within the green area in Fig. 5(a) are finally con-
sidered for the statistical evaluation. Note that ¢ is obtained
from the fit of Eq. (1).

Figure 5(b) addresses the spatial homogeneity of the mag-
netic field for the Halbach array with Bpean = 106.3 mT
center field. We measured the magnetic field as a function of
the (x,y,z) position using a commercial Hall probe. Figure 5(b)
shows AB(x,y) = B(x,y) — Bnean at the sample height z =
0 mm. Within the x-y plane, B shows a maximum variation

mask = <1x1077, (A3)

within =1 mT of the mean value over the full spatial motion
range of the stage.

In Fig. 5(c), the spatial distribution of oy of sample
SI is depicted. The Hall bars on the sample are aligned
parallel to each other, and deviations of ¢ stemming from the
lithography process are smaller than 0.2 deg when estimated
by optical microscopy. However, larger deviations of oy of
42 deg are observed in Fig. 5(d). We attribute this to the
rather small number of 25 points within one dataset, i.e.,
one full magnetic field rotation in 15 deg angle steps, which
limits the accuracy with which &g can be determined from the
data.

Variations of B as a cause for different ¢y can be neglected
by considering the measurement approach and the small vari-
ations of B evident in Fig. 5(b). Specifically, every sample
is divided into 4 quadrants, and every quadrant is measured
within one measuring sequence consisting of the acquisition
of the datasets for the individual Hall bars within this quad-
rant. After a sequence is measured, the probes are moved to
the next quadrant by hand (~1.5mm in x and y), and a new
sequence is conducted. For every sequence, B stays exactly
the same, because the Hall bars are moved to the exact same
position within the external magnetic field. Between different
quadrants, B varies by less than 2%.

Finally, the Hall bars patterned onto the samples SE2 and
SE3 are systematically rotated in 15 deg steps. This is fidu-
cially reproduced in the spatial distribution of «y shown in
Figs. 5(e) and 5(f).

[1] J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and
T. Jungwirth, Spin Hall effects, Rev. Mod. Phys. 87, 1213
(2015).

[2] A. Manchon, J. Zelezn}?, I. M. Miron, T. Jungwirth, J. Sinova,
A. Thiaville, K. Garello, and P. Gambardella, Current-induced
spin-orbit torques in ferromagnetic and antiferromagnetic sys-
tems, Rev. Mod. Phys. 91, 035004 (2019).

[3] V. Krizakova, M. Perumkunnil, S. Couet, P. Gambardella, and
K. Garello, Spin-orbit torque switching of magnetic tunnel
junctions for memory applications, J. Magn. Magn. Mater. 562,
169692 (2022).

[4] K. Uchida, H. Adachi, T. Ota, H. Nakayama, S. Maekawa,
and E. Saitoh, Observation of longitudinal spin-Seebeck ef-
fect in magnetic insulators, Appl. Phys. Lett. 97, 172505
(2010).

[5] G. E. W. Bauer, E. Saitoh, and B. J. van Wees, Spin caloritron-
ics, Nat. Mater. 11, 391 (2012).

[6] T. Kikkawa and E. Saitoh, Spin Seebeck effect: sensitive probe
for elementary excitation, spin correlation, transport, magnetic
order, and domains in solids, Annu. Rev. Condens. Matter Phys.
14, 129 (2023).

[7]1 V. E. Demidov, S. Urazhdin, A. Anane, V. Cros, and S. O.
Demokritov, Spin—orbit-torque magnonics, J. Appl. Phys. 127,
170901 (2020).

[8] B. Flebus, D. Grundler, B. Rana, Y. Otani, 1. Barsukov, A.
Barman, G. Gubbiotti, P. Landeros, J. Akerman, U. Ebels, P.
Pirro, V. E. Demidov, K. Schultheiss, G. Csaba, Q. Wang, F.
Ciubotaru, D. E. Nikonov, P. Che, R. Hertel, T. Ono, et al.,

The 2024 magnonics roadmap, J. Phys.: Condens. Matter 36,

363501 (2024).

P. Pirro, V. I. Vasyuchka, A. A. Serga, and B. Hillebrands,

Advances in coherent magnonics, Nat. Rev. Mater. 6, 1114

(2021).

[10] H. Nakayama, M. Althammer, Y.-T. Chen, K. Uchida, Y.
Kajiwara, D. Kikuchi, T. Ohtani, S. Gepridgs, M. Opel, S.
Takahashi, R. Gross, G. E. W. Bauer, S. T. B. Goennenwein, and
E. Saitoh, Spin Hall magnetoresistance induced by a nonequi-
librium proximity effect, Phys. Rev. Lett. 110, 206601 (2013).

[11] M. Althammer, S. Meyer, H. Nakayama, M. Schreier, S.
Altmannshofer, M. Weiler, H. Huebl, S. Geprigs, M. Opel, R.
Gross, D. Meier, C. Klewe, T. Kuschel, J.-M. Schmalhorst, G.
Reiss, L. Shen, A. Gupta, Y.-T. Chen, G. E. W. Bauer, E. Saitoh,
et al., Quantitative study of the spin Hall magnetoresistance in
ferromagnetic insulator/normal metal hybrids, Phys. Rev. B 87,
224401 (2013).

[12] Y.-T. Chen, S. Takahashi, H. Nakayama, M. Althammer, S. T. B.
Goennenwein, E. Saitoh, and G. E. W. Bauer, Theory of spin
Hall magnetoresistance, Phys. Rev. B 87, 144411 (2013).

[13] G. Y. Guo, S. Murakami, T.-W. Chen, and N. Nagaosa, Intrinsic
spin Hall effect in platinum: First-principles calculations, Phys.
Rev. Lett. 100, 096401 (2008).

[14] S. Vélez, V. N. Golovach, A. Bedoya-Pinto, M. Isasa, E.
Sagasta, M. Abadia, C. Rogero, L. E. Hueso, F. S. Bergeret,
and F. Casanova, Hanle magnetoresistance in thin metal films
with strong spin-orbit coupling, Phys. Rev. Lett. 116, 016603
(2016).

[9

—

184427-7


https://doi.org/10.1103/RevModPhys.87.1213
https://doi.org/10.1103/RevModPhys.91.035004
https://doi.org/10.1016/j.jmmm.2022.169692
https://doi.org/10.1063/1.3507386
https://doi.org/10.1038/nmat3301
https://doi.org/10.1146/annurev-conmatphys-040721-014957
https://doi.org/10.1063/5.0007095
https://doi.org/10.1088/1361-648X/ad399c
https://doi.org/10.1038/s41578-021-00332-w
https://doi.org/10.1103/PhysRevLett.110.206601
https://doi.org/10.1103/PhysRevB.87.224401
https://doi.org/10.1103/PhysRevB.87.144411
https://doi.org/10.1103/PhysRevLett.100.096401
https://doi.org/10.1103/PhysRevLett.116.016603

DENISE REUSTLEN et al.

PHYSICAL REVIEW B 113, 184427 (2026)

[15] Y.-T. Chen, S. Takahashi, H. Nakayama, M. Althammer, S. T. B.
Goennenwein, E. Saitoh, and G. E. W. Bauer, Theory of
spin Hall magnetoresistance (SMR) and related phenomena, J.
Phys.: Condens. Matter 28, 103004 (2016).

[16] Z. Ding, B. L. Chen, J. H. Liang, J. Zhu, J. X. Li, and Y. Z. Wu,
Spin Hall magnetoresistance in Pt/Fe;O, thin films at room
temperature, Phys. Rev. B 90, 134424 (2014).

[17] A. Ageel, N. Vlietstra, J. A. Heuver, G. E. W. Bauer, B.
Noheda, B. J. van Wees, and T. T. M. Palstra, Spin-Hall
magnetoresistance and spin Seebeck effect in spin-spiral and
paramagnetic phases of multiferroic CoCr,Oy films, Phys. Rev.
B 92, 224410 (2015).

[18] M. Isasa, S. Vélez, E. Sagasta, A. Bedoya-Pinto, N. Dix, F.
Sanchez, L. E. Hueso, J. Fontcuberta, and F. Casanova, Spin
Hall magnetoresistance as a probe for surface magnetization in
Pt/CoFe,0, Bilayers, Phys. Rev. Appl. 6, 034007 (2016).

[19] J. Kim, P. Sheng, S. Takahashi, S. Mitani, and M. Hayashi, Spin
Hall magnetoresistance in metallic bilayers, Phys. Rev. Lett.
116, 097201 (2016).

[20] D. Hou, Z. Qiu, J. Barker, K. Sato, K. Yamamoto, S.
Vélez, J. M. Gomez-Perez, L. E. Hueso, F. Casanova, and E.
Saitoh, Tunable sign change of spin Hall magnetoresistance in
Pt/NiO/YIG structures, Phys. Rev. Lett. 118, 147202 (2017).

[21] J. Fischer, O. Gomonay, R. Schlitz, K. Ganzhorn, N. Vlietstra,
M. Althammer, H. Huebl, M. Opel, R. Gross, S. T. B.
Goennenwein, and S. Geprigs, Spin Hall magnetoresistance in
antiferromagnet/heavy-metal heterostructures, Phys. Rev. B 97,
014417 (2018).

[22] M. Leiviskd, R. Firouzmandi, K.-H. Ahn, P. Kubascik, Z.
Soban, S. P. Bommanaboyena, C. Miiller, D. Kriegner, S.
Sailler, D. Reustlen, M. Lammel, K. K. Bestha, M. Hyvl, L.
§mejkal, J. Zelezn}?, A. U. B. Wolter, M. Scheufele, J. Fischer,
M. Opel, S. Geprigs, et al., Spin Hall magnetoresistance at
the altermagnetic insulator/Pt interface, Phys. Rev. Mater. 9,
084403 (2025).

[23] S. Vélez, V. N. Golovach, J. M. Gomez-Perez, A. Chuvilin,
C. T. Bui, F Rivadulla, L. E. Hueso, F. S. Bergeret, and F.
Casanova, Spin Hall magnetoresistance in a low-dimensional
Heisenberg ferromagnet, Phys. Rev. B 100, 180401(R) (2019).

[24] K. Oyanagi, J. M. Gomez-Perez, X.-P. Zhang, T. Kikkawa, Y.
Chen, E. Sagasta, A. Chuvilin, L. E. Hueso, V. N. Golovach,
F. S. Bergeret, F. Casanova, and E. Saitoh, Paramagnetic spin
Hall magnetoresistance, Phys. Rev. B 104, 134428 (2021).

[25] X.-P. Zhang, F. S. Bergeret, and V. N. Golovach, Theory of spin
Hall magnetoresistance from a microscopic perspective, Nano
Lett. 19, 6330 (2019).

[26] S. R. Marmion, M. Ali, M. McLaren, D. A. Williams, and B. J.
Hickey, Temperature dependence of spin Hall magnetoresis-
tance in thin YIG/Pt films, Phys. Rev. B 89, 220404(R) (2014).

[27] S. Vélez, A. Bedoya-Pinto, W. Yan, L. E. Hueso, and F.
Casanova, Competing effects at Pt/YIG interfaces: Spin Hall

magnetoresistance, magnon excitations, and magnetic frustra-
tion, Phys. Rev. B 94, 174405 (2016).

[28] E. Sagasta, Y. Omori, M. Isasa, M. Gradhand, L. E. Hueso, Y.
Niimi, Y. Otani, and F. Casanova, Tuning the spin Hall effect
of Pt from the moderately dirty to the superclean regime, Phys.
Rev. B 94, 060412(R) (2016).

[29] S. Piitter, S. Gepridgs, R. Schlitz, M. Althammer, A. Erb, R.
Gross, and S. T. B. Goennenwein, Impact of the interface
quality of Pt/YIG(111) hybrids on their spin Hall magnetore-
sistance, Appl. Phys. Lett. 110, 012403 (2017).

[30] S. Sailler, G. Sala, D. Reustlen, R. Schlitz, M.-G. Kang, P.
Gambardella, S. T. B. Goennenwein, and M. Lammel, Com-
peting ordinary and Hanle magnetoresistance in Pt and Ti thin
films, Phys. Rev. B 111, 104421 (2025).

[31] Z. Qiu, K. Ando, K. Uchida, Y. Kajiwara, R. Takahashi, H.
Nakayama, T. An, Y. Fujikawa, and E. Saitoh, Spin mixing
conductance at a well-controlled platinum/yttrium iron garnet
interface, Appl. Phys. Lett. 103, 092404 (2013).

[32] M. B. Jungfleisch, V. Lauer, R. Neb, A. V. Chumak, and B.
Hillebrands, Improvement of the yttrium iron garnet/platinum
interface for spin pumping-based applications, Appl. Phys. Lett.
103, 022411 (2013).

[33] N. Vlietstra, J. Shan, V. Castel, B. J. van Wees, and J.
Ben Youssef, Spin-Hall magnetoresistance in platinum on yt-
trium iron garnet: Dependence on platinum thickness and
in-plane/out-of-plane magnetization, Phys. Rev. B 87, 184421
(2013).

[34] M. Li, L. Jin, Z. Zhong, X. Tang, Q. Yang, L. Zhang, and H.
Zhang, Impact of interfacial chemical state on spin pumping
and inverse spin Hall effect in YIG/Pt hybrids, Phys. Rev. B
102, 174435 (2020).

[35] R. Schlitz, T. Helm, M. Lammel, K. Nielsch, A. Erbe, and
S. T. B. Goennenwein, Focused ion beam modification of non-
local magnon-based transport in yttrium iron garnet/platinum
heterostructures, Appl. Phys. Lett. 114, 252401 (2019).

[36] K. Halbach, Design of permanent multipole magnets with ori-
ented rare earth cobalt material, Nucl. Instrum. Methods 169, 1
(1980).

[37] 1. Rehberg and P. Bliimler, Analytic approach to creating ho-
mogeneous fields with finite-size magnets, Phys. Rev. Appl. 23,
064029 (2025).

[38] J.-G. Choi, J. W. Lee, and B.-G. Park, Spin Hall mag-
netoresistance in heavy-metal/metallic-ferromagnet multilayer
structures, Phys. Rev. B 96, 174412 (2017).

[39] S. Meyer, M. Althammer, S. Geprigs, M. Opel, R. Gross, and
S. T. B. Goennenwein, Temperature-dependent spin transport
properties of platinum inferred from spin Hall magnetoresis-
tance measurements, Appl. Phys. Lett. 104, 242411 (2014).

[40] D. Reustlen, S. Sailler, D. U. Schmidt, R. Werner, R. Schlitz,
M. Lammel, and S. T. B. Goennenwein, Kondata Repository,
doi: 10.48606/q2tb63t6591zpat4 (2026).

184427-8


https://doi.org/10.1088/0953-8984/28/10/103004
https://doi.org/10.1103/PhysRevB.90.134424
https://doi.org/10.1103/PhysRevB.92.224410
https://doi.org/10.1103/PhysRevApplied.6.034007
https://doi.org/10.1103/PhysRevLett.116.097201
https://doi.org/10.1103/PhysRevLett.118.147202
https://doi.org/10.1103/PhysRevB.97.014417
https://doi.org/10.1103/hksk-qxl5
https://doi.org/10.1103/PhysRevB.100.180401
https://doi.org/10.1103/PhysRevB.104.134428
https://doi.org/10.1021/acs.nanolett.9b02459
https://doi.org/10.1103/PhysRevB.89.220404
https://doi.org/10.1103/PhysRevB.94.174405
https://doi.org/10.1103/PhysRevB.94.060412
https://doi.org/10.1063/1.4973460
https://doi.org/10.1103/PhysRevB.111.104421
https://doi.org/10.1063/1.4819460
https://doi.org/10.1063/1.4813315
https://doi.org/10.1103/PhysRevB.87.184421
https://doi.org/10.1103/PhysRevB.102.174435
https://doi.org/10.1063/1.5090209
https://doi.org/10.1016/0029-554X(80)90094-4
https://doi.org/10.1103/9nnk-jytn
https://doi.org/10.1103/PhysRevB.96.174412
https://doi.org/10.1063/1.4885086
https://doi.org/10.48606/q2tb63t6591zpat4

