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We investigated the depth dependence of current-induced magnetic fields in a bilayer of a normal

metal (Au) and a ferrimagnetic insulator (Yttrium Iron Garnet—YIG) by using low energy muon

spin spectroscopy (LE-lSR). This allows us to explore how these fields vary from the Au surface

down to the buried AujYIG interface, which is relevant to study physics like the spin-Hall effect.

We observed a maximum shift of 0.4 G in the internal field of muons at the surface of Au film

which is in close agreement with the value expected for Oersted fields. As muons are implanted

closer to the AujYIG interface, the shift is strongly suppressed, which we attribute to the dipolar

fields present at the AujYIG interface. Combining our measurements with modeling, we show that

dipolar fields caused by the finite roughness of the AujYIG interface consistently explain our obser-

vations. Our results, therefore, gauge the limits on the spatial resolution and the sensitivity of

LE-lSR to the roughness of the buried magnetic interfaces, a prerequisite for future studies

addressing current induced fields caused by the spin-accumulations due to the spin-Hall effect.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975487]

Recently the exciting field of spintronics has been trans-

formed by the concepts to manipulate the spin transport

taking place at the interfaces between magnetic and non-

magnetic materials.1,2 Therefore, it is important to understand

the spatial distribution of spin accumulation in different

devices. The spin accumulations at these interfaces have been

mostly created electrically by the spin-Hall effect (SHE) by

sending a charge current through normal metal (NM) with

strong spin-orbit coupling3–5 on top of the magnetic insula-

tors like Yttrium Iron Garnet (YIG). These electrically cre-

ated spin accumulations are usually detected by an indirect

method called spin-Hall magnetoresistance effect in which

the resistance of the NM changes with the magnetization of

the underlying YIG.6 In these electrical measurements used

to probe SHE, the ever-present background contributions like

Oersted fields (the magnetic fields generated by current flow-

ing through a metal) and dipolar fields (the inhomogeneous

magnetic fields arising from the roughness of a magnetic

surface) cannot be disentangled. Any technique that would aim

to estimate these background contributions needs to be spin

and magnetic field sensitive along with spatial resolution.

Muon spin spectroscopy is widely used as a magnetic

spin microprobe to investigate the superconductivity,7,8 mag-

netism9,10 and many other fields.11 In addition, low-energy

muon spin rotation spectroscopy (LE-lSR) provides an

opportunity to tune the energy of the muons (1–30 keV) to

perform depth resolved internal field measurements in the

range of 1–200 nm.11–13 Due to the combination of sensitiv-

ity10 and the spatial resolution,11 LE-lSR has been applied

to obtain the depth-resolved profile of the local magnetiza-

tion in various thin films and heterostructures.14,15

All these successful applications of LE-lSR motivate

the study of its limits and capabilities in order to gauge the

possibility of using such a technique for other sources of

current-induced fields, e.g., due to the spin-accumulation by

SHE, Oersted fields or magnetization induced via proximity

at buried interfaces. To explore this, we considered here a

AujYIG test structure. In this structure, due to the small

spin-Hall angle of Au, we expect a negligible contribution

from SHE, which allows us to quantify the other current-

induced contributions, such as ever-present Oersted fields

and dipolar fields due to finite interface roughness. We report

here the quantitative study of the depth distribution of mag-

netic fields in the AujYIG system with LE-lSR.16,17

Fig. 1(a) shows the device configuration used to quantify

the current-induced magnetic field distribution at different

depths in the AujYIG heterostructure. The YIG has a thickness

of 240 nm grown by liquid phase epitaxy on 0.5 mm-thick

(111) Gadolinium Gallium Garnet (GGG) monocrystalline

substrate. In any NMjYIG system, there would be two main

contributions to a current-induced magnetic field: one would

be the spin accumulation due to SHE (see Fig. 1(b)) and other

due to Oersted fields (see Fig. 1(c)). Note that for the Au metal

(used here), we expect a spin diffusion length of 35 nm (Ref.

18) which would make it compatible with the depth-resolved

studies of spin accumulation using LE-lSR. Nevertheless, for

the specific case of SHE, the small spin-Hall angle makes

the expected signals two orders of magnitude smaller than the

Oersted fields, therefore in the current study, we focus on

quantifying the latter.a)E-mail: t.t.m.palstra@rug.nl
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All measurements were performed at the LE-lSR spec-

trometers at the Paul Scherrer Institute, Villigen, Switzerland.

The measurements were done at pressure �10�9 mbar in a

cold finger cryostat. In these measurements, 100% spin polar-

ized positive muons are implanted into the AujYIG sample,

with their spin polarization direction at an angle of 45� in the

yz-plane (see Fig. 1). The implanted muons have a short life-

time of 2.2 ls after which they decay by emitting a positron,

preferentially in the direction of the muon spin at the time of

decay. The reference measurements at different temperatures

show no significant temperature dependent spin depolariza-

tion of muons. The measurements reported here are done

using the transverse field geometry, where the applied mag-

netic field (B0¼ 100 G) is perpendicular to the initial spin

direction of the implanted muons (shown in Fig. 1). The

decay positrons are detected using appropriately positioned

detectors, to the left and right of the sample, relative to the

incoming muons. The asymmetry, A(t), the difference of the

detected positrons in the left and right detectors normalized

by their sum is proportional to the time evolution of the muon

spin polarization, which provides information regarding the

local magnetic properties at the muon stopping site.

The measurements are performed at different implanta-

tion energies and applied currents. By varying the energy of

the muons, they can be implanted at different depths in the

Au metal. Muons stopping in the YIG depolarize much faster

and do not contribute to the measured precession signals. The

obtained lSR spectra were analysed using the MUSRFIT

software.19 We find that the collected spectra at all implanta-

tion energies and applied currents fit best to Eq. (1)

AðtÞ ¼ A0e�kt cosðxtþ /Þ: (1)

Here x¼ cB, c being the muon gyromagnetic ratio, which

reflects that the muons experience a Lorentzian field distribu-

tion with an average field B and width k, and / is the angle

between the direction of the initial spin polarisation of the

muon (at t¼ 0) and the direction of positron emission. The

Larmor frequency x provides the information about the

internal field at the muon site and the damping k gives infor-

mation about the inhomogeneity of the internal field at the

muon site.

The results of the fit parameters from Eq. (1) are shown

in Fig. 2. For the damping k we do not observe any trend ver-

sus current therefore in Fig. 2(a) we show k only for zero cur-

rent. Contrary to k, there is a clear current dependence of the

field shift DB. This dependence of DB is clearly larger at

lower energies and gradually decreases until it fully disap-

pears at higher energies (E� 12 keV), as shown in Fig. 2(b).

When muons are implanted closer to the interface, DB almost

disappears. The internal field at the muon site is also measured

at zero current density to rule out other magnetic field-

induced effects like proximity effects consistent with the cur-

rent understanding of the NMjYIG films.20 A clearer observa-

tion of the current dependence of DB for different energies is

shown in Fig. 2(c): DB varies linearly with the applied current

closer to the surface of the Au film at E¼ 6.4 keV and almost

vanishes closer to the interface at E¼ 17.5 keV.

To interpret the data, we can model the expected field

shifts due to current-induced fields as

DBk0 Eð Þ ¼ 1ðz¼d

z¼0

P E; zð Þ
k0 zð Þ

dz

ðz¼d

z¼0

P E; zð Þ
k0 zð Þ

B zð Þdz; (2)

where B(z), P(E, z), and k0ðzÞ represent the current-induced

Oersted fields, muon stopping profile, and damping due to

inhomogeneous fields close to AujYIG interface. The

Oersted fields for a uniform current density J through the Au

film can be calculated using B ¼ �l0Jz0x̂ for z0 ¼ z� tAu=2,

where tAu and z are the thickness the of Au film and the dis-

tance from the surface of Au towards the AujYIG interface,

respectively. We simulated the muon stopping profiles

P(E, z) by using the Trim. SP Monte Carlo program,19 as

shown in Fig. 3(a). To get a clear relation between the muon

FIG. 1. (a) Device configuration for probing current-induced magnetic fields

at AujYIG interface with muons. (b) Schematic illustration of spatial direc-

tions of electrically created spin accumulation created by spin-Hall effect

and (c) Oersted magnetic fields B with respect to muon beam lþ. Here, Jc,

M, and B0 represent the applied dc-current, magnetization of the YIG film

and the applied magnetic field.

FIG. 2. (a) and (b) shows the observed damping k and field B0 þ DB as a

function of the implantation energy E of muons at different values of applied

current (I¼�1.8 A to 1.8 A) in the AujYIG bilayer system, respectively.

Here, B0 represents the applied field. (c) Shift in the internal field DB at

muon site as a function of the applied current I through the Au film at ener-

gies E¼ 6.4 keV, 17.5 keV.
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implantation energy and the depth, we relate each energy to

the peak position zmax of the muon distribution profile, as

shown in the inset of Fig. 3(a).

The presence of any additional inhomogeneous field at

the muon site can lead to the precession of muon spins at dif-

ferent frequencies and gives rise to damping of the muon sig-

nal which we include in Eq. (2) by a parameter k0ðzÞ. This

damping which we include as k0ðzÞ can prevent us from

observing the expected field shift DB. The observed damping

k(E) (shown in Fig. 2(a)) increases by a factor of two closer

to the AujYIG interface, also suggests the presence of these

inhomogeneous fields Bk0 closer to the interface. This inho-

mogeneity in the field Bk0 is given by the expression

Bk0 ¼ k0ðzÞ=2pc.

There are several mechanisms that can cause these inho-

mogeneous magnetic fields (therefore k0ðzÞ) close to the inter-

face which can influence the expected magnetic field shifts

including nuclear hyperfine fields,21–23 the dipolar fields from

magnetic domains24 or the interface roughness.25,26 The for-

mers are not relevant here, as the nuclear hyperfine fields are

too small in Au, typically 0.02 ls�1. We remark that the mag-

netic domains can be formed by anisotropy but for these

films, the anisotropy is not relevant and the thickness of YIG

film is still small enough to neglect also the interfacial anisot-

ropy, recently reported in thicker YIG films.27 Moreover, the

coercivity of the YIG film is around 2 G, therefore in these

experiments, the film is fully saturated and we can ignore the

effect of magnetic domain boundaries. However, the inhomo-

geneous magnetic fields arising from finite interface rough-

ness can dramatically influence the dynamics of expected

magnetic fields at the magnetic interface of multilayer sys-

tems.26 The magnitude of these inhomogeneous dipolar fields

scales with the roughness amplitude h and decays with dis-

tance z from the interface on a length scale of the lateral

roughness g.26,28 Fig. 4(c) shows the sketch of the dipolar

fields near the AujYIG interface with a finite roughness. The

dipolar fields26 can be estimated as follows:

Bk0 zð Þ ¼ l0Ms
h

2

X1
n¼1

qn

sin
1

4
qng

� �

1

4
gqn

sin
1

2
qnh

� �

1

2
qnh

exp �qnzð Þ:

(3)

Here qn ¼ 2pn
g and Ms is the saturation magnetization of YIG.

For this model of the sinusoidal interface profile, lateral

period g¼ 20 nm and roughness amplitude h¼ 1 nm are esti-

mated from the atomic force microscope image of the YIG

surface shown in Figs. 4(a) and 4(b). Fig. 3(c) shows the

dipolar fields Bk0 estimated by Eq. (3).

To find the effect of these dipolar fields on the observed

field shifts DB, we calculated damping k0 associated with the

dipolar fields Bk0 and used in Eq. (2). Fig. 3(b) shows a good

agreement between the field shifts DBk0 estimated by includ-

ing dipolar fields and the measured field shifts DB, both van-

ishing closer to the AujYIG interface. Therefore, we

achieved a consistent picture by taking into account the

damping k0 due to the dipolar fields resulting from the finite

surface roughness.

To check whether the assumption of presence of the

inhomogeneous fields DBk0 close to the interface is correct,

we can estimate these fields by using the observed damping

k(E) (Fig. 2(a)). The estimated Bk is around 0.3 G, which is

in the same order as the expected current-induced fields at

the interface (cf. Figs. 2(c)–2(c)). However, these Bk fields

are much smaller than the inhomogeneous fields Bk0 esti-

mated for the dipolar fields at the interface, which can be

FIG. 3. (a) The current-induced magnetic field as a function of depth z, where z is the distance from the surface of Au towards the interface. P(E, z) shows the

probability distribution of the stopping depth of muons as a function of z at different implantation energies E varying from 6 keV to 18 keV. The inset of (a)

shows the depth zmax of the peak maxima for each probability distribution P(E, z) shown in (a) versus E. It provides a scale (zmax¼ 3.455�E) to translate from

E to depth z for (b) and (c), where z¼ zmax. (b) Comparison of the observed field shifts DB with the calculated shifts DBo, DBk, and DBk0 at different implanta-

tion energies of muons. Here, DBo, DBk, and DBk0 represent the field shifts including, only the muon depth distribution profiles, the effect of observed damping

k shown in Fig. 2(a), and the effect of estimated damping k0 due to the dipolar fields, respectively. (c) Comparison between the field Bk calculated by consider-

ing the observed k and the dipolar field Bk0 (using Eq. (3)) as a function of distance z.

FIG. 4. (a) Atomic force microscope image (500� 500 nm2) and (b) a repre-

sentative cross-sectional height profile of the YIG surface, prior to the Au

metal deposition. (c) Illustration of inhomogeneous dipolar fields near the

AujYIG interface with a finite roughness, sketched for a sinusoidal interface

profile with a lateral period g. Here M and B represent the magnetization of

YIG and the current-induced field, respectively.
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understood from the fact that Bk are also convoluted from

the muon profile P(E, z), in reality, the dipolar fields can be

much larger than these estimated values. Fig. 3(b) shows that

the estimated inhomogeneous fields DBk by using k(E) result

in preferential reduction of the shift around 30% close to the

interface. To further confirm if the assumption of the inho-

mogeneous fields Bk0 at the interface is correct, we can calcu-

late the field shifts without the damping k0 by considering it

to be depth independent (i.e., k0ðzÞ ¼ 1). Fig. 3(b) shows that

the field shifts (DBo) without considering the effect of damp-

ing is around 0.2 G at the interface, much larger than the

value around 0 G observed close to the interface. Therefore,

it confirms that the assumption of dipolar fields at the inter-

face is in good agreement with experimental observations, as

shown in Fig. 3(b).

In conclusion, we have established that LE-lSR can

indeed work for resolving the background signals present

due to interface roughness and Oersted fields which are a

universal feature in experiments done to probe SHE, with

proper magnitude, distance dependence, and sign. In the cur-

rent measurements, we obtained a field resolution below

0.1 G. We have to gauge the viability of the SHE by making

sure that the induced spin-accumulations create the magnetic

field of this order which now would depend on the specific

parameters of the material. Moreover, the depth variation in

the local magnetic field from SHE is on the scale of 10 nm

which is compatible to the resolution of LE-lSR, confirming

the suitability of the technique to these measurements.

Hence, our results establish a point of reference and a guide

for future experiments aiming to probe SHE with muons.
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