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We study the influence of the interface quality of Pt/Y3Fe5O12(111) hybrids on their spin Hall

magnetoresistance. This is achieved by exposing Y3Fe5O12(111) single crystal substrates to different

well-defined surface treatments prior to the Pt deposition. The quality of the Y3Fe5O12(YIG) surface,

the Pt/YIG interface and the Pt layer is monitored in-situ by reflection high-energy electron diffrac-

tion and Auger electron spectroscopy as well as ex-situ by atomic force microscopy and X-ray

diffraction. To identify the impact of the different surface treatments on the spin Hall magnetoresis-

tance, angle-dependent magnetoresistance measurements are carried out at room temperature. The

largest spin Hall magnetoresistance is found in Pt/YIG fabricated by a two-step surface treatment

consisting of a “piranha” etch process followed by an annealing step at 500 �C in pure oxygen atmo-

sphere. Our data suggest that the small spin Hall magnetoresistance in Pt/YIG without any surface

treatments of the YIG substrate prior to Pt deposition is caused by a considerable carbon agglomera-

tion at the Y3Fe5O12 surface. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973460]

In the field of spintronics, the efficient generation and

detection of spin currents is fundamental for new memory

and logic devices. Therefore, over the past years, spin cur-

rent transport has been extensively studied in paramagnetic

(normal) metal (NM)/ferromagnetic insulator (FMI) hybrid

structures in spin pumping, spin Seebeck effect, or spin Hall

magnetoresistance (SMR) experiments.1–7 In all these

experiments, the signal amplitude sensitively depends on the

transfer of a spin current, i.e., spin angular momentum,

across the NM/FMI interface and its interconversion into an

electrical signal via the inverse spin Hall effect.8,9

According to theory, the relevant interface property deter-

mining the spin current flow across the NM/FMI interface is

the spin mixing conductance.10,11 In several experiments, it

has been shown that the spin mixing conductance sensitively

depends on the quality of the NM/FMI interface.12–15 For

example, Jungfleisch et al. reported an increase in the spin

mixing conductance by more than two orders of magnitude

using a combination of piranha wet etching and an in-situ Oþ/

Arþ plasma treatment of the FMI surface prior to the NM

deposition.13 A clean and well-controlled NM/FMI interface

can be obtained by in-situ deposition of the NM layer subse-

quent to the FMI thin film growth without breaking the vac-

uum.7 However, this procedure is often not possible if single

crystal samples are used, which are superior to epitaxial thin

films regarding structural and magnetic quality. In this case,

the NM layer is deposited ex-situ on the single crystal, which

is exposed to ambient conditions prior to the deposition result-

ing in adsorbed molecules, mainly carbon, on the surface. As

a consequence, the molecules may form additional spin-

scattering centers and finally provoke a loss of spin informa-

tion at the NM/FMI interface.

In this work, we systematically investigate how different

surface treatments of yttrium iron garnet (Y3Fe5O12, YIG)

single crystals prior to the Pt deposition impact the SMR in

Pt/YIG hybrid structures. Up to now, only indirect informa-

tion on the quality of the NM/YIG interface has been derived

by, e.g., measuring the inverse spin Hall effect voltage in the

NM layer.13 A systematic investigation of the surface prop-

erties is still lacking. In our study, we employ both in-situ
and ex-situ surface and structural characterization methods

to obtain reliable information of the influence of different

surface preparation procedures on the surface viz., interface

properties. We then correlate the observed SMR magnitude

with the interface properties.

The YIG single crystals were grown using the traveling

solvent floating zone (TSFZ) method in a 4-mirror image

furnace.16 As a solvent in the crystal growth process, a com-

position of about 20 mol. % of Y2O3 in YFeO3 was used.

Due to the high solubility of YIG in its solvent, the growth

speed was as high as 4 mm per hour. Single crystals of YIG

with a diameter of about 5 mm and a length of about 50 mm

were obtained. The crystals were cut into pieces with a diam-

eter of about 5 mm and a thickness of 1 mm. These crystals

were polished along the (111)-plane and used as a substrate

for the deposition of thin Pt layers. The Pt deposition was

carried out at room temperature by electron beam evapora-

tion in a DCA M600 MBE system with a base pressure of

10�10 mbar using a growth rate of around 0.3 Å/s. Prior to

the deposition, different surface treatments of the YIG sub-

strates were carried out:

Procedure A: Cleaning in ethanol and isopropanol (denoted

as “raw” YIG crystal)
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Procedure B: Cleaning in “piranha” etch for 10 min (denoted

as “etched” YIG crystal)17

Procedure C: Additional annealing of the “raw” YIG crystal

Procedure D: Additional annealing of the “etched” YIG

crystal

The annealing was performed in-situ in the MBE sys-

tem at 500 �C for 40 min in a pure oxygen atmosphere of

p¼ 10�5 mbar.

After the different cleaning procedures, the elemental

surface concentrations were determined by Auger electron

spectroscopy (AES) using an incident electron energy of

3 keV. The obtained AES spectra are shown in Fig. 1. The

evaluation of the data was carried out using the peak-to-peak

Auger amplitudes.18,19 The thus obtained elemental concen-

trations are summarized in Table I. As obvious from Fig. 1

and Table I, the elemental surface concentrations strongly

depend on the surface treatment. While carbon and oxygen

dominate the surface of “raw” YIG crystals (procedure A),

the carbon concentration can be reduced and the yttrium and

iron concentration can be increased by either using a piranha

etch (procedure B) or annealing the crystal in oxygen (proce-

dure C). However, after using procedure B, we additionally

detected a small amount of sulfur caused by the piranha etch,

which can be removed by a subsequent annealing step (pro-

cedure D). Furthermore, the formation of carbide on the YIG

surface indicated by the different shape and position of the

carbon peak was found after annealing the “raw” YIG crystal

in oxygen (procedure C).20

In fact, Fig. 1 and Table I reveal that procedure D yields

the purest YIG surface, without carbon or sulfur

contamination. However, the elemental surface concentra-

tions do not agree with the bulk concentrations of yttrium

(15%), oxygen (60%), and iron (25%). In contrast, we find

33% of yttrium, 52% of oxygen, and 15% of iron. The devia-

tion might be explained by the different concentrations of

yttrium and iron at the (111)-surface of YIG. Note that in

YIG thin films fabricated by pulsed laser deposition (PLD) a

Fe deficiency has also been observed.2

Additional structural information of the surface was

obtained by using in-situ reflection high energy electron dif-

fraction (RHEED) as well as low energy electron diffraction

(LEED). While for samples with procedure A neither RHEED

nor LEED patterns were detected, for those with procedure B

a RHEED but no LEED pattern was obtained. Note that the

absence of a RHEED and LEED pattern means that there is

neither crystalline nor polycrystalline order within the respec-

tive probing depth of RHEED (about 10 Å for 15 keV elec-

trons at low angle of incidence) and LEED (about 5 Å for

100–500 eV). In contrast, for procedure C and D, LEED and

RHEED patterns of similar quality were visible. Actually, the

observation of well-defined spots provides evidence for low

surface roughness and high crystallinity of the YIG(111) sur-

face, cf. Fig. 2(a). This is corroborated by ex-situ atomic force

microscopy (AFM) experiments, yielding a surface roughness

of only 1.6 Å (root mean square value) for this sample. In

total, a carbon-free YIG surface with low roughness and high

crystallinity can be obtained following procedure D.

Subsequent to the different YIG surface treatments,

about 6 nm thick Pt films were deposited in-situ, i.e., without

breaking vacuum on the YIG crystals. The Pt deposition was

monitored by RHEED. While, again, no RHEED pattern was

obtained for the Pt thin films deposited on YIG crystals using

procedure A or B, the RHEED patterns of Pt thin films on

YIG crystals prepared by procedure C and D reveal intensity

rings, demonstrating a polycrystalline nature of the Pt thin

films (cf. Figs. 2(b) and 2(c)). Furthermore, weak spots visi-

ble in Fig. 2(c) indicate weakly textured Pt thin films on YIG

crystals using surface treatment D. This is also confirmed by

X-ray diffraction measurements (not shown here). Using

Scherrer’s formula, the average size of the Pt crystallites can

be estimated to about 10 nm taking only size effects into

account.21

After deposition, the elemental surface concentrations of

the Pt films were investigated using in-situ AES. The results

are summarized in Table II. The information depth of the

FIG. 1. Auger electron spectra of YIG(111) single crystals carried out after

performing different surface procedures: cleaning in ethanol and isopropanol

(A), cleaning in “piranha” etch (B), procedure A with additional annealing

(C) and procedure B with additional annealing (D). A polynomial back-

ground was subtracted from the raw data and the obtained curves are verti-

cally shifted for clarity.

TABLE I. Elemental surface concentrations of YIG(111) single crystals

obtained from AES using different surface treatments. The uncertainty of

the elemental surface concentrations is estimated to about 5%.

Proc. Etch. Anneal. Y (%) O (%) Fe (%) C (%) S (%)

A … … 7 22 5 66 0

B � … 23 29 9 36 3

C … � 24 40 11 25 0

D � � 33 52 15 0 0

FIG. 2. RHEED pattern of (a) a YIG(111) surface recorded after using sur-

face treatment D. (b), (c) RHEED patterns of 6 nm Pt after the deposition

on YIG crystals using surface treatment C and treatment D prior to the

deposition, respectively.
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given elements is about 1.2 nm. While pure Pt thin films

were obtained on YIG crystals prepared by procedure C or

D, a carbon contamination is found in the Pt films deposited

on YIG crystals using cleaning procedure A or B. Obviously,

the carbide formed after procedure C remains at the YIG sur-

face while the carbon seems to diffuse into the Pt film.

To identify the impact of the different surface treatments

on the YIG substrates on the SMR effect, the angle-dependent

magnetoresistance (ADMR) measurements were carried out.7

To this end, the Pt films were patterned into Hall bar shaped

mesa structures using photolithography and argon-ion beam

milling. The ADMR measurements were carried out in a

liquid-He magnet cryostat at 300 K. The magnetoresistance of

the Pt thin film was determined by applying a constant dc cur-

rent of I¼ 200 lA along the Hall bar and recording the longitu-

dinal voltage signals Vlong, while rotating the magnetic field in

the film plane (ip-rotation) as well as in two orthogonal out-of-

plane rotation planes (oopj- and oopt-rotation) at constant exter-

nal magnetic field magnitudes of 500 mT and 1000 mT, respec-

tively (cf. Fig. 3(a)). These magnetic field values are both well

above the saturation field of YIG. The longitudinal resistivity

can then straightforwardly be calculated to qlong ¼
VlongwdPt=ðIlÞ using the width (w¼ 80 lm) and the length

(l¼ 600 lm) of the Hall bar mesa structure as well as the thick-

ness dPt of the Pt layer (cf. Table II).

As an example, Figure 3(b) shows the angle-dependence

of Vlong recorded from a Pt/YIG sample prepared by surface

treatment D. Clearly, an ADMR is observed for rotations of

the magnetic field in-plane (ip-rotation) as well as out-of-plane

perpendicular to the current density direction (oopj-rotation),

while almost no ADMR can be detected on rotating the mag-

netic field out-of-plane parallel to the direction of the applied

current (oopt-rotation). This is the characteristic fingerprint of

the SMR, which can be phenomenologically described by

qlong ¼ q0 þ q1ð1� m2
t Þ, with mt being the projection of

the normalized YIG magnetization m ¼M=jMj on t (see

Fig. 3(a) for illustration of the coordinate system).9 We use a

cos2ðaÞ fit to the ADMR data obtained at 500 mT to extract

the q0 and q1 values. According to the theoretical SMR model,

the SMR magnitude is then defined as q1/q0.7,9 Since qlong of

the conventional anisotropic magnetoresistance (AMR)

depends on m2
j and not on m2

t , the finite angle dependence of

qlong in the oopj-rotation plane and the vanishing angle depen-

dence in the oopt-rotation plane (cf. Fig. 3(b)) clearly indicate

that the present angle-dependent magnetoresistance is based

on the spin Hall magnetoresistance.7,9

As obvious from Fig. 3(c), the SMR value as well as the

resistivity of the Pt thin film is strongly dependent on the

YIG surface treatment and thus the quality of the Pt/YIG

interface. Only a small SMR value of (0.14 6 0.07) � 10�4

as well as a high resistivity of (589 6 1) nXm is observed in

the Pt thin films fabricated on as-received YIG crystals (pro-

cedure A). This can be attributed to the high carbon contami-

nation found in the Pt thin films (see Table II), enhancing the

formation of grain boundaries,22 which increases the thin

film resistivity.23–25 Furthermore, the finite carbon contami-

nation might also reduce the spin diffusion length in the Pt

thin film, which weakens the SMR effect. The SMR magni-

tude can be significantly increased by etching or annealing

the YIG crystals prior to Pt deposition (procedure B and C).

While the Pt thin film on the YIG substrate prepared by pro-

cedure C is chemically clean, the carbide found on the YIG

surface prepared according to procedure C might act as a

spin current barrier at the Pt/YIG interface.

However, the largest SMR value of (3.48 6 0.01) �
10�4 as well as the lowest resistivity of (353 6 1) nXm is

obtained by using the YIG surface treatment D prior to the

Pt deposition. The SMR value is close to the respective SMR

value of YIG/Pt thin film bilayers fabricated by in-situ depo-

sition of Pt.7 Our results demonstrate that the best interface

with the highest spin Hall magnetoresistance is obtained by

TABLE II. Overview of the Pt/YIG(111) samples and their parameters. The

elemental concentration of Pt, O, and C of the Pt thin film was obtained by

AES and the thickness by X-ray reflectometry. The resistivity of the Pt layer

q0 and the SMR were determined by ADMR at 300 K.

Pt O C Thickness q0 SMR

Proc. (%) (%) (%) (Å) (nXm) (10–4)

A 76 0 24 63 6 2 589 0.14 6 0.07

B 79 0 21 61 6 2 393 1.88 6 0.10

C 100 0 0 60 6 2 408 1.24 6 0.02

D 100 0 0 59 6 1 353 3.48 6 0.01

FIG. 3. ADMR measurements at 300 K of Pt thin films deposited on

YIG(111) crystals after different surface treatments. (a) Schematic of the

Hall bar mesa structure, the coordinate system defined by j, t, and n, as well

as the different rotation planes of the magnetic field direction h ¼ H=jHj.
(b) Angle-dependence of the longitudinal voltage Vlong recorded on a

Pt/YIG sample using YIG surface treatment D while rotating the magnetic

field in the film plane (ip-rotation) and in the two orthogonal out-of-plane

rotation planes (oopj- and oopt-rotations). Due to small temperature drifts,

different maximum values of Vlong were obtained in the ip-, oopj-, and oopt-

rotation measurements. (c) SMR recorded while rotating the magnetic field

in-plane of Pt/YIG samples prepared by using different surface treatments

prior to the Pt deposition (procedure A-D). The red line represents a

cos2ðaÞ-fit to the ADMR data to extract the SMR magnitude. The inset

shows the resistivity q0 of the Pt layer as a function of different surface treat-

ments of the YIG crystal (procedure A-D).
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using a two-step treatment of the YIG crystal: in the first

step, the piranha etch reduces the carbon contamination of

the YIG surface. Subsequent annealing in oxygen atmo-

sphere results in an increase in the Fe content as well as a

vanishing carbon and sulfur content at the surface.

In summary, we experimentally investigated the SMR in

Pt thin films on YIG single crystals using different surface

treatments of the YIG crystal prior to the deposition of Pt.

We found an almost vanishing SMR value in Pt/YIG sam-

ples without any surface treatment of the YIG crystal and

attribute this to a significant carbon contamination of the

YIG surface and in the Pt thin film. The SMR value can be

significantly increased by cleaning the YIG crystal using a

piranha etch or by annealing the YIG crystal in oxygen.

However, in the former case, we found a contamination with

sulfur, while in the latter the formation of carbide on the

YIG surface was detected. The highest SMR value, which is

comparable to that of in-situ grown Pt/YIG bilayers,7 was

found for samples using a combination of etching and

annealing of the YIG crystal prior to the Pt deposition. Our

work demonstrates the high relevance of the interface quality

for spin current based experiments and provides instructions

for improving the interface quality. We thus point the way

how to improve future spin current based devices.
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