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ABSTRACT

We present magnetic characterization, charge resistivity, and optical photoluminescence measurements on amorphous yttrium iron oxide
thin films (a-Y–Fe–O), with supporting comparisons to amorphous germanium (a-Ge) films. We measured magnetic properties with both
SQUID magnetometry and polarized neutron reflectometry. These results not only confirm that a-Y–Fe–O is a disordered magnetic mate-
rial with strong predominantly antiferromagnetic exchange interactions and a high degree of frustration, but also that it is best understood
electrically as a disordered semiconductor. As with amorphous germanium, a-Y–Fe–O obeys expectations for variable-range hopping
through localized electron states over a wide range of temperature. We also clarify the consequences of charge transport through such a
semiconducting medium for non-local voltage measurements intended to probe spin transport in nominally insulating magnetic materials.
We further compare non-local resistance measurements made with “quasi-dc” automated current reversal to ac measurements made with a
lock-in amplifier. These show that the “quasi-dc” measurement has an effective ac current excitation with frequency up to approximately
22 Hz, and that this effective ac excitation can cause artifacts in these measurements including incorrect sign of the non-local resistance.
This comprehensive investigation of non-local resistance measurements in a-Y–Fe–O shows no evidence of spin transport on micrometer
length scales, which is contrary to our original work, and in line with more recent investigations by other groups.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0144371

I. INTRODUCTION

Understanding in which regimes spin information can be
transmitted through insulating magnetic materials is currently a
major area of study in spintronics. The focus is often on materials
with predominantly antiferromagnetic exchange interactions,
whether these result in a ferrimagnetic state such as in yttrium iron
garnet (Y3Fe5O12 or YIG), or in a bulk antiferromagnetic state
such as nickel oxide (NiO), chromium dioxide (Cr2O3), or iron
oxides such as hematite (Fe2O3).

1 This spin transport is measured

using a range of experimental techniques including spin
pumping,2–4 the spin Seebeck effect,5,6 and non-local resistance

measurements.6–19 In these experiments, charge transport through

the nominally insulating ferri- or antiferromagnetic films is

assumed to be negligible, though some authors have demonstrated

very clearly that in thin epitaxial YIG films, the bandgap is reduced

from the bulk value Eg ¼ 2:8 eV to near 2:0 eV.20 This has impor-

tant impact on non-local voltage measurements, particularly when

large currents are used to excite nonlinear effects.
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In many of these experiments, disorder in the magnetic state
plays an important role, and in the most dramatic cases, researchers
have explored spin transport in amorphous systems including
amorphous films prepared with the same ratio of Y, Fe, and O
atoms as ordered YIG (often abbreviated a-YIG, though here we
use a-Y–Fe–O, since the term “garnet” is a specific reference to a
crystalline state).21–25 Theoretical predictions of spin transport in
disordered magnets have also been presented, though the condi-
tions assumed for the disordered magnetic systems studied are not
exactly mapped to the properties of a-Y–Fe–O.26–29 Spin
pumping21 and spin Seebeck effect22 measurements with a-Y–Fe–O
inserted between an epitaxial YIG spin source and Pt spin detector
showed spin diffusion length in the amorphous component
between 1 and 10 nm, while our group previously explored non-
local resistance measurements where large signals persisted over
distances of many micrometers.23 More recently, two groups have
published non-local resistance results that put fairly stringent
limits on the possibility of magnon-mediated spin transport in
a-Y–Fe–O.24,25 Gomez-Perez et al. compared non-local resistance
using a combination of Pt and Cu strips, with separation of 10 μm.
These experiments showed the same sign of voltage when both Cu
and Pt were used as the detector, as well as clear increase in voltage
as a function of temperature, indicating that the signals have an
origin in charge flow.24 Yang et al. performed non-local and local
(measuring transport in a vertical heterostructure), using Pt and
permalloy electrodes. In both FMR-driven spin pumping and
purely electrical experiments, these authors saw no evidence of
long-distance spin transport, though they did report increased spin
mixing conductance at the a-Y–Fe–O/permalloy interface.25 In all
these experiments, but particularly in the non-local resistance mea-
surements, contributions from charge transport through the amor-
phous system must be carefully considered. As epitaxial YIG films
are often prepared from annealing of amorphous precursors, and
since a range of nanolithographic processing steps could introduce
disorder at the interfaces with YIG and other materials, the charge
transport and magnetic properties of disordered a-Y–Fe–O could
potentially impact a broader range of the many spintronic devices
based on YIG.

Amorphous semiconductors, including recently explored
amorphous oxide semiconductors,30 have been studied extensively
and have a range of important applications for large-area electronic
devices. The strong disorder in the system leads to Anderson locali-
zation of the electronic states near the band edges, and the boun-
dary in energy between these localized states and extended states is
the mobility edge.31,32 In addition, a high level of defect states often
forms near the middle of the gap, and nominally undoped amor-
phous semiconductors show electronic transport through these
localized states via Mott’s variable-range hopping mechanism,
which has a characteristic temperature dependence (in the absence
of correlated electron effects) at low temperature (T) given by

σ ¼ σo e
� To=Tð Þ1=4 , (1)

where σo and To are constants.
In this paper, we first present simple dc circuit models that

clarify how dc leakage currents can generate non-local voltages in

these experiments and how they interact with various geometries of
metal strips. We then present measurements of charge conductivity
from 200 to 380 K, magnetic susceptibility, photoluminescence,
and non-local resistance in a-Y–Fe–O. We compare the charge
conductivity and non-local resistance measurements explicitly to
amorphous germanium films. These results clearly show charge
conductivity via the Mott variable-range hopping mechanism, indi-
cating that both materials are best described as amorphous semi-
conductors. The non-local resistance measurements show clear
correlations with the charge conductance in both a-Ge and
a-Y–Fe–O. We also clarify the conditions for observation of spin
transport in non-local resistance measurements in the presence of
charge transport and compare non-local resistance measurements
made using two common measurement techniques: quasi-dc
current reversal and lock-in detection with a known range of ac fre-
quencies. In spin transport experiments where the magnetic order
can be manipulated to clearly isolate spin effects and when other
potential complications can be controlled, these approaches have
been previously shown to agree.33 Data presented here shows that
reactive components of the non-local measurement circuit can
cause artifacts in the quasi-dc measurement that mimic the spin
transport signal in certain geometries, causing serious challenges
for studies of systems such as antiferromagnets and disordered spin
systems where the magnetic order is not easily manipulated.

II. EQUIVALENT CIRCUIT MODEL OF CHARGE LEAKAGE

Figure 1 shows a schematic view of a non-local spin transport
experiment where spin is injected and detected via the spin Hall
effect (SHE). Two strips of a metal film that supports spin-charge
conversion (here characterized as a spin Hall effect, though any
mechanism converting charge current to spin current could be
employed) are in contact with a spin transport medium as shown
in Fig. 1(a). In the case of a purely insulating magnetic medium,
the spin can excite magnons that flow to the distant contact, length
L away, and be detected via the inverse spin Hall effect when the
spin current flows into the metal strip. If the spin medium also
allows charge to flow, this leakage current can flow across the spin
transport medium to the (typically) much lower resistivity metal
detector, eventually returning to the opposite charge terminal as
shown in Fig. 1(b). Here, we show two of the many possible
current paths as black lines. Note that since electrons have negative
charge, the electron drift velocity direction is opposite to the
arrows shown, which indicate the direction of current flow. The
portion of the current flowing along path ic,1 will generate spin
current according to the SHE. The portion of the current that
follows path ic,2 and similar paths can lead to significant current
density, ~J , present in the detector strip. According to Ohm’s law,
~E ¼ ρ~J , where ρ is the charge resistivity, this current density must
be accompanied by an electric field ~E, which is parallel to the
current as indicated by the orange vector. This electric field leads
to a voltage drop on the Pt wire, which is measured at the termi-
nals, Vnl. This voltage has the typical sign expected when current
flows in a resistor (with positive Vnl when positive Ibias is applied,
giving a positive slope on a plot of Vnl vs Ibias). However, as shown
in Fig. 1(c), when the current flowing in the sense of path ic,1 leads
to a spin current that is injected downward into the transport
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medium, it flows through the medium and then upward into the
detector. The inverse spin Hall effect (ISHE), assuming the detec-
tor has the same sign of the spin Hall angle as the detector, causes
both spin up and spin down electrons to collect at the positive
voltage measurement terminal when positive Ibias is applied, as
indicated. In open circuit conditions for the voltage measurement
on the detector strip, the electrons cause a charge accumulation
that leads to an electric field. As indicated in the figure again with
an orange vector, this electric field points in the opposite direc-
tion as the field in Fig. 1(b) and leads to the opposite sense of the
potential difference. A measurement of this voltage as a function
of bias current when the experiment is dominated by spin flow in
the medium will show a slope of the IV curve that is negative.
This is often taken as proof of spin transport, though we will
show that certain purely electrical artifacts can also mimic this
sign reversal.

The simple view of charge flow in a SHE-driven non-local
transport experiment, shown in Fig. 2(a), can be represented with
the lumped-element circuit model shown in Fig. 2(c). The require-
ment for the current to return to ground after any shunting by a
nearby metallic strip means that, at an absolute maximum, the top
half of the film is available to allow charge flow from the injector
with resistance Rinj to the detector with resistance Rdet, with the
lower half returning the current to low potential. Thus, the parallel
charge conductance path is formed with effective shunt resistors
Rvb=2, where Rvb is the total resistance of the spin transport
medium between the relevant contacts, determined in our case by
measuring current flow in response to a voltage bias. This avoids
thermal, thermoelectric, and other non-ideal effects in typically
very high resistance measurements. Any charge that flows across
the spin transport film travels through the metallic detector, pro-
ducing the voltage drop measured as a non-local voltage, Vnl,
before returning to ground. We calculate this voltage using

Vnl ¼ IbiasRdet f 1� Rvb þ Rdet

Rvb þ Rinj þ Rdet

� �

, (2)

which represents the relevant current division with the addition of
the factor f , which accounts for the difference between the actual
charge flow paths and those used in this highly simplified
lumped-element model. We expect f to be a small number, and the
experiments below suggest it is on the order of 0:01 for our work.

FIG. 2. Schematic views and circuit models describing dc charge leakage in
SHE-driven non-local spin transport experiments. (a) A top-down schematic
view of a typical lead arrangement where Pt strips are in contact with a sample
spin transport medium. (b) A similar view with a third metallic strip added
between the spin injector and the detector. (c) Simplified circuit model describ-
ing charge leakage in the standard two-strip geometry. When Rvb is large com-
pared to Rinj and Rdet, a small portion of the total injected bias current flows on
the right current path and generates a non-local voltage Vnl via leakage. (d) A
modified circuit model demonstrates the possible reduction in Vnl in dc from the
third metal strip.

FIG. 1. (a) Schematic of SHE-driven non-local spin transport. Typically, two Pt
strips with length w along the charge flow direction, separated by a distance L,
are placed in contact with a spin transport medium. A charge current, Ibias,
driven into the injector strip (here shown at left) is converted to spin current via
the SHE. This is injected into the spin transport medium, where it travels to the
distant Pt strip. The resulting spin current absorbed into this Pt detector gener-
ates a charge voltage via the ISHE. (b) A top-view schematic of a charge
leakage contribution to a non-local voltage measurement. If the spin transport
medium also allows charge flow, charge current can flow from the injector
through the spin medium into the distant Pt strip. This travels down the typically
much lower resistance Pt strip, generating a voltage with a positive sign with
lead polarity chosen as shown by the þ and � symbols. The charge then
returns to ground by passing back through the spin medium. (c) Schematic view
of spin transport in the same geometry, clarifying the direction of spin flow. The
opposite sense of the spin flow in the injector and detector leads to a non-local
voltage with the opposite sign from charge leakage.
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When Rinj, Rdet , Rvb Eq. (2) is simply

Vnl ≃ Ibias f
RinjRdet

Rvb

� �

, (3)

and the term in parentheses is the expected non-local charge
leakage resistance.

We observe that intermediate metal strips can potentially
reduce the leakage current in dc, though also add capacitance and
inductance to the circuit and make any ac or effectively ac measure-
ments less clear to interpret. In dc, we can model such an insertion
of a “guard rail” as shown in Fig. 2(b) using the circuit shown in
Fig. 2(d). Here, the third metal strip, with resistance Rgr, provides
an additional low resistance region in the middle of the sample.
The film resistance between the injector and detector at each step is
approximately halved, so we take Rvb=4 to be the film resistance in
each branch of the circuit. Again applying simple current division,
we can write the guarded leakage voltage as

Vnl,gr ¼ IbiasRdet f f
* Rinj

Rinj þ Reff

� �

Rgr

Rgr þ Rvb=2þ Rdet

� �

, (4)

where the effective resistance of all elements other than Rinj is

Reff ¼
Rvb

2
þ Rgr Rvb=2þ Rdetð Þ
Rgr þ Rvb=2þ Rdet

, (5)

and f * takes into account the different effective geometry of charge
flow from the guard rail to the detector strip from the idealized
model. As before, when Rvb is the largest resistance, Eq. (4) is
simply

Vnl,gr ≃ Ibias f
RinjRdet

Rvb

� �

f *
4Rgr

Rvb

� �

, (6)

and the leakage resistance is reduced from the simple model of
Eq. (3) by the factor 4f *Rgr=Rvb. Assuming that the charge conduc-
tivity of the sample medium is uniform, that f * ≃ f , and with a
value of Rgr=Rvb on the order of 10�2 or smaller, this factor could
cause a reduction of leakage voltage by several orders of magnitude
for purely dc measurements. This overly simple model makes a
number of somewhat speculative assumptions. Two-dimensional
finite element calculations, on both simple lead configurations and
the more complicated geometries used in experiments, show simi-
larly dramatic reductions in dc charge leakage, though these also
rest on the assumption of a uniform conducting medium.

III. EXPERIMENT

We prepared amorphous Y–Fe–O films by ambient tempera-
ture RF sputtering from a Y3Fe5O12 target onto amorphous Si–N
coated silicon substrates. We prepared amorphous germanium
films via thermal evaporation of Ge from 99:999% pure source
material in high vacuum (approximately 10�6 Torr or
1:3 � 10�4 Pa) also onto amorphous Si–N coated Si substrates at a
rate of approximately 0:13 nm=s. Note that at this deposition rate
and base pressure, the films likely have significant defect atoms

included in the disordered matrix. For both a-Y–Fe–O and a-Ge
we explored two methods for patterning metal leads to measure
charge transport and test non-local spin transport. These were dep-
osition of the sample film on Si–N/Si substrates with pre-patterned
strips of 40 nm thick Pt with a 10 nm thick Cr sticking layer, and
patterning of Pt and Cu strips on the top surface of the samples via
e-beam lithography (EBL) and lift-off. For the EBL lead patterns,
we also prepared the lead patterns on a highly insulating Si–N
coated Si substrate with no other film added. Figure 3(a) is a
scanning-electron micrograph top-view of an example of the
EBL-patterned leads. Figure 3(b) shows a cross-sectional view of
these lead patterns, which we produced with three different
injector-detector separations and, for one separation, with an addi-
tional Cu lead. To form these, we used a PMMA layer (Microchem
950 PMMA A3) with Co-PMMA underlayer [MMA(8.5) MAA EL
6], each spun for 5 s at 500 rpm then for 45 s at 2000 rpm and
baked at 180 �C. We sputtered platinum leads after reaching base
pressure 4� 10�8 Torr at 100W in 3mTorr of Ar, giving a growth
rate of 0:125 nm=s. We evaporated the Cu leads after reaching base
pressure 7� 10�7 Torr at a rate ffi 0:14 nm=s. Before the Cu depo-
sition, the sample film surface was Ar plasma cleaned in a separate
vacuum chamber for 1min.

The pre-patterned Pt strips are shown in an optical micro-
graph in Fig. 3(c) and in a schematic cross section in Fig. 3(d).
These strips are a section of the Pt leads on thermal isolation plat-
forms our group developed and uses for thermal characterization
of thin films,34–36 as was the case for our initial spin transport
studies of a-YIG.23 The strips are 40 μm wide, with a 10-μm separa-
tion between adjacent conductors, and a total length of ≃12mm.
Both the Cr and Pt were e-beam evaporated at similar base pressure
and patterned via optical photolithographic lift-off.

For all transport measurements, the substrates are mounted
on the cold finger of a sample-in-vacuum cryostat using gold-
coated OFHC copper sample mounts. Leads are ultrasonically wire-
bonded and a radiation shield installed to ensure an isothermal
sample environment. Transport measurements use standard
computer-controlled source-meter equipment. Voltage-biased a-Ge
and a-Y–Fe–O film resistance were measured with a Keithley 2400
sourcemeter. We compare two methods for measuring the non-
local IV and R: the “quasi-dc” measurements using either the dif-
ferential conductance or “delta mode” measurement features of the
Keithley 2182a/6221 nanovoltmeter and precision current source,
and frequency-dependent ac measurements using a Stanford
Research Systems 830 lock-in amplifier, using an external function
generator and bias resistor to apply the ac bias current. Most exper-
iments were performed at relatively low bias current and used a
90 kΩ bias resistor that is much larger than the ≏1 kΩ resistance of
the injector strips. To apply the largest bias currents (up to 7mA),
we used much smaller bias resistance (in some cases we used only
the in-line lead resistance). Where this was done, we observed no
qualitative change in the balance between in-phase and out-of
phase components of the ac signal.

We performed photoluminescence measurements of a-Y–Fe–O
by focusing the light from a 405 nm diode laser through a 0:40 NA
objective onto the samples at a 30� angle from their surfaces to
minimize back reflected excitation light in the measurement. The
focused spot was roughly 5 μm in diameter and all measurements
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were taken at room temperature under vacuum. The signal was
passed through a 410 nm long pass filter to remove any remaining
back scattered excitation, coupled into a multimode optical fiber,
and routed to a fiber coupled spectrometer with 1 nm resolution.
100 spectra for each of the amorphous and polycrystalline samples
were taken and averaged, with data points more than 2σ from the
average excluded. A set of dark spectra were collected under the
same conditions and subtracted from the signals and pixel noise
was smoothed with a moving average filter over 40 pixels.

We characterized the magnetic properties of the a-Y–Fe–O
films using a commercial SQUID magnetometer, with automated
temperature control from 2 to 400 K using a reciprocating sample
method to increase the signal-to-noise ratio.37 We measured a
matching Si–N coated Si substrate to determine the magnetic back-
ground, which was subtracted from the total signal measured from
the a-Y–Fe–O/Si–N/Si samples. We mounted samples in a laminar
flow hood using dedicated non-metallic tools and clean gloves to
minimize contamination from dust and other potential sources of
spurious magnetic contributions.

We conducted polarized neutron relfectometry (PNR) mea-
surements using the polarized beam reflectometer at the NIST
Center for Neutron Research. An incident 0:475 nm neutron beam
was polarized with magnetic moment parallel (+) or antiparallel
(�) to a magnetic field, H, applied along the plane of the sample.
We measured the spin analyzed non-spin-flip specular reflectivities

�� and þþ as functions of wavevector transfer Q along the
sample growth axis. PNR data were reduced with Reductus38 and
Refl1D.39 Model fitting of specular PNR data allows us to infer the
depth profile of the nuclear and magnetic scattering length densi-
ties, the latter of which is proportional to the in-plane sample mag-
netization, M. Temperature-dependent measurements were taken
in a 3 T field at a temperature of 5K and then from 50 to 300 K in
50 K steps. The 5 K measurements were taken over a broad
Q-range, while those at higher temperatures were taken only over a
range sufficient to characterize the lowest Q spin asymmetry (dif-
ference in þþ and �� divided by the sum) peak. The nuclear
profile determined from the 5 K data was used for modeling of the
higher temperature data.

IV. RESULTS AND DISCUSSION

We begin by presenting magnetic characterization of the
a-Y–Fe–O films. This material is perhaps most accurately described
magnetically as a speromagnet,40–42 where strong antiferromagnetic
exchange interactions with randomized local anisotropy results in a
magnetic state qualitatively similar to a spin glass. The central and
most repeatable feature of this material, clearly seen in Fig. 4(a)
and also observed in previous studies,43,44 is the splitting between
the magnetic susceptibility, χ, vs T measured when the material is
cooled to low T in zero field (ZFC) and that measured when

FIG. 3. (a) False-color scanning-electron micrograph of Pt and Cu leads patterned via EBL (here on a 75 nm thick a-Ge film, a 200 nm thick a-Y–Fe–O film was also
used). Leads shown in blue (orange) are 25 nm thick Pt (Cu). We produced three different patterns with varying Pt lead separations. (b) Cross-sectional schematic of the
EBL samples with Pt and Cu lead width indicated. (c) Optical micrograph of the pre-patterned Pt leads on a a-Si–N substrate, with connections indicated schematically.
(d) Cross-sectional schematic after deposition of a sample film. Scale is approximately correct for the case of the a-Ge film. (e)–( f ) Schematic views of the voltage-biased
setup used to measure the resistivity of the amorphous semiconducting samples (distances indicated relate to pre-patterned leads). Since the Pt has many orders of mag-
nitude higher conductivity than the sample films, the total length of the current path used to determine ρ is only the distance between the Pt strips, as indicated. (g) Imeas
vs Vbias for the geometry shown in (e) for the a-Ge sample measured at 200 and 300 K for pre-patterned Pt leads shows predominantly linear response.
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cooled in a field (FC). In the SQUID magnetometer data shown in
red (ZFC) and black (FC) symbols in Fig. 4(a), where both the
measurement and cooling fields are 5000Oe (0:5 Tesla), this split-
ting falls between 40 and 50 K. This freezing temperature is in line
with previous measurements, and we have observed this feature
across all thickness and batches of films we have investigated. The
blue symbols with error bars in Fig. 4(a) were measured via polar-
ized neutron magnetometry in an applied field of 3 T. These agree
well with the SQUID data at nearly all measured temperatures. The
inset of Fig. 4(a) shows magnetization, M, vs applied field, H
(plotted with units of emu=cc, 1 emu=cc ¼ 1 kA=m) for three tem-
peratures, showing linear behavior at 300 K, with slight deviations
at lower T on either side of the freezing temperature. As expected
for a disordered material with strong antiferromagnetic exchange
interactions, nearly any laboratory-scale magnetic field is insuffi-
cient to significantly magnetize the material, and no approach to
saturation is seen.

Figures 4(b) and 4(c) compare inverse susceptibility, χ�1 vs T
for two a-Y–Fe–O films with 200 nm thickness, grown in two

different sputtering runs (roughly one year apart). While both
samples show the freezing as discussed above, the details of the
susceptibility above the freezing temperature are significantly dif-
ferent. Sample 1 [Fig. 4(b)] shows two fairly distinct regimes of
linear behavior, which one can view as two distinct exchange
strengths, as indicated by two different Curie–Weiss θ, as seen by
the linear fits shown in blue and green. Both are large and nega-
tive, indicating antiferromagnetic exchange. Sample 2 shows a dif-
ferent overall magnitude, with a smaller χ (larger χ�1), and is
better characterized by the single θ with the lower value near
70 K. This suggests that despite the consistent observation of the
freezing temperature, there is some degree of variability in the
disordered magnetic landscape that can occur from
sample-to-sample. Figure 4(d) compares M vs H at 300 K for
a-Y–Fe–O (red symbols, on right y axis) to the saturation magne-
tization value for bulk crystalline YIG (green dashed line, on left y
axis). Note that these axes represent very different ranges of M
such that the maximum value observed for a-Y–Fe–O is , 1% of
the YIG saturation magnetization, again as expected due to the

FIG. 4. Magnetic characterization of a-Y–Fe–O with panels ordered clockwise from top left. (a) χ vs T for 200 nm thick a-Y–Fe–O measured via SQUID magnetometry at
5000Oe in field cooled (black symbols) and zero field cooled (red symbols) states. The splitting between 40 and 50 K indicates a spin freezing associated with the disor-
dered magnetism in a-Y–Fe–O. Blue symbols with error bars were measured at 30 000Oe via polarized neutron reflectivity. Inset: M vs H at three temperatures shows pre-
dominantly linear behavior at modest fields. (b) Inverse susceptibility χ�1 vs T for one a-Y–Fe–O sample shows two regions with different effective Curie–Weiss
parameter, θ. (c) χ�1 vs T for a second sample grown via the same techniques at a later date shows different magnitude, with only the lower value of θ though with
approximately the same spin freezing temperature. (d) Comparison of M vs H for a-Y–Fe–O (red symbols and right axis) with the saturation magnetization of bulk crystal-
line YIG (green dashed line and left axis) at 300 K. Even at large laboratory-scale applied field, the disordered system gains a tiny fraction of the moment seen in the
ordered material.

Journal of
Applied Physics

ARTICLE scitation.org/journal/jap

J. Appl. Phys. 133, 223901 (2023); doi: 10.1063/5.0144371 133, 223901-6

Published under an exclusive license by AIP Publishing

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://p

u
b
s
.a

ip
.o

rg
/a

ip
/ja

p
/a

rtic
le

-p
d
f/d

o
i/1

0
.1

0
6
3
/5

.0
1
4
4
3
7
1
/1

7
9
8
5
2
7
7
/2

2
3
9

0
1

_
1

_
5

.0
1
4
4
3
7
1
.p

d
f



disorder, strong antiferromagnetic exchange interactions, and
resulting high degree of frustration.

Figure 5 presents additional details of polarized neutron
reflectometry results on a-Y–Fe–O. Figure 5(a) plots the spin-
dependent reflectivities multiplied by neutron wavevector Q to the
6th power vs Q, measured at T ¼ 5K in a 3 T applied field. The
use of RQ6 allows better visualization of the data across the entire
measured Q range. The data are feature-rich but dominated by
nuclear contributions to the scattering. Here, green (purple)
symbols present the �� (þþ) spin analyzed non-spin flip reflec-
tivities. In both, the low Q range shows well-resolved oscillations,
due almost entirely to the nuclear contrast. The small sample mag-
netization results in only a faint spin dependence of the reflectivi-
ties. The magnetic signal is better visualized as spin asymmetry,
(Rþþ � R��)=(Rþþ þ R��), as shown in Fig. 5(b), along with
example fitted data measured at higher temperatures. This reveals
an unambiguously spin-dependent neutron reflectivity below
Q ≃ 0:3 nm�1. We measured the spin asymmetry in 3 T at four
different temperatures, which show a clear T dependence of the

peak near Q ¼ 0:17 nm�1. This demonstrates sensitivity to the
temperature dependence of the very weak a-Y–Fe–O magnetiza-
tion. Fitting this peak allows calculation of the average magnetiza-
tion of the sample, which is compared to the χ measured by
SQUID magnetometry above. The PNR data are well-fit by a model
with a single 55 nm thick a-Y–Fe–O layer magnetized at 10 emu=cc
at 5 K and dropping to 5 emu=cc at 300 K. Thus, while the a-Y–
Fe–O film is known to be locally disordered, PNR measurements
show that it is a vertically uniform magnetic medium.

Figure 6 compares photoluminescence (PL) vs excitation
photon wavelength for a 200 nm thick a-Y–Fe–O film to a bulk
polycrystalline YIG substrate. This substrate is the same as com-
monly employed for thermal probes of spin transport and spin-
charge conversion via the longitudinal spin Seebeck effect.45–49 The
polycrystalline YIG is dominated by a broad and approximately
symmetric peak near 600 nm ffi 2:1 eV. This is generally in line
with expectations though does suggest a reduction in bandgap from
the typical bulk value, as seen in epitaxial YIG thin films.20 The
disordered film shows a much smaller and somewhat broadened
PL peak, centered at roughly the same frequency. The reduction in
intensity is often reported for amorphous semiconductors, though
the details of the processes involved can depend sensitively on
sample preparation.50,51 The additional spectral weight above
700 nm could be caused by either localized states below the mobil-
ity edge or other mid-gap states, as expected for a disordered semi-
conductor. It is also possible that a small fraction of polycrystalline
domains exist in the amorphous film, which then contribute
similar PL spectra, though previous examinations of the a-Y–Fe–O
films with typical laboratory x-ray diffraction techniques showed
no detectable Bragg peaks.23

Figure 7(a) plots charge resistivity, ρ, vs temperature, T , for a
200 nm thick a-Y–Fe–O film and a 78 nm thick a-Ge film, deter-
mined from current measurements under voltage bias as shown in

FIG. 5. (a) Non-spin flip neutron reflectivities R multiplied by neutron wavevec-
tor Q6 vs Q for both spin up þþ (purple symbols) and spin down �� cases.
Despite clear oscillations at low Q dominated by nuclear contrast, which are
consistent with a scattering density slightly reduced from expectations of bulk
YIG, no magnetic contrast is visible without further analysis. (b) 3 T PNR data
plotted as spin asymmetry vs Q highlight the temperature-dependent magnetic
contribution to the scattering.

FIG. 6. Comparison of optical photoluminescence vs λ of a bulk polycrystalline
substrate (red line) and 200 nm thick a-Y–Fe–O sample (black line, 100�) at
300 K. The somewhat assymetric peak indicates the band edge of the polycrys-
talline YIG is likely somewhat reduced from tabulated values. The much weaker
and broader peak in a-Y–Fe–O indicates optical absorption at similar energies,
but with the a broad tail at the low energy (high λ) side. This is consistent with
expectations of a disordered semiconductor.
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the inset schematic. Both materials have large ρ in this T range
spanning room temperature, but are significantly lower than values
reported for both bulk YIG and epitaxial thin film YIG, which have
ρ . 107 Ω cm at 300 K.20 As discussed above, this reduced ρ or
increased electrical conductivity, σ, is often a consequence of the
formation of defect states in the gap as shown in the schematic
density of states vs energy diagram shown in Fig. 7(b). Here, we
also indicate the mobility edges, εm,c and εm,v , that divide localized
from extended states in the conduction and valence band edges,
respectively. Electrical conductivity in a-Ge is dominated by
variable-range hopping in these localized states for temperatures
near and below room temperature.32,52,53 Figures 7(c)–7(d) demon-
strate charge conduction dominated by variable-range hopping via
these localized states in both the a-Ge and a-Y–Fe–O films. These
plots show ln σ vs T�1=4, with linear least-squares fit lines showing
excellent agreement with variable-range hopping [Eq. (1)] over the
200K . T . 340K temperature range. Fit parameters and result-
ing χ2 values are indicated in each plot. We also attempted fits to a
simple thermal activation model, where ln σ would be proportional
to 1=T . These resulted in poor agreement, with χ2 an order of mag-
nitude or more larger than the hopping fits. It is possible to achieve
better agreement if one assumes two regimes form in T , with dif-
ferent activation energies. Such a view is not out of the question for
disordered conductors of various sorts,54,55 and a definitive deter-
mination of the transport mechanisms in the a-Y–Fe–O would
require a more comprehensive study. Regardless of the exact mech-
anism, electrical conductivity in the a-Y–Fe–O at levels that can
affect non-local transport is clear.

Before detailing the consequences of this hopping conductivity
on non-local transport experiments, we first clarify the effective ac
nature of the “delta mode” and differential conductance measure-
ments performed with the Keithley nanovoltmeter (NVM) and
current source. In Fig. 8, we compare a series of electrical measure-
ments on Pt strips formed via EBL on a highly insulating 500 nm
Si–N layer deposited on a Si substrate. These strips, with geometry
shown schematically in the inset to Fig. 8(a), have the same layout
as the device shown in Fig. 3(a), with a “guard rail” Pt strip placed
between the injector and detector strips, and the charge resistance
between the Pt strips is unmeasurably large at all T described here.
In Fig. 8(a), we present the non-local voltage determined by
numerical integration of the differential conductance voltage mea-
sured with the Keithley NVM in response to a series of excitation
currents, Ibias, sourced by the linked Keithley current source. In
both this measurement mode and the related “delta mode,” the
timing between voltage measurements is affected by a parameter
termed “delay time” by the manufacturer. Figure 8(a) plots curves
acquired for four different choices of this parameter, ranging from
2ms (the shortest possible value to 20ms). Strikingly, the non-local
VI curve has the negative slope often associated with spin transport
in experiments with a spin conductive media (obviously absent
here). The slope of the curve also clearly depends on the choice of
the value of the delay time. High values of this parameter (not
shown) begin to display an apparent oscillatory response, though
the overall negative slope vanishes.

Measurement of the same exact Si–N device in the same cryo-
stat with controlled ac excitation of Irms ≃ 75 μA and detection of
Vnl with a lock-in amplifier indicate that the apparent negative VI

FIG. 7. Charge resistivity ρ vs T from 200 to 340 K for both 200 nm thick
a-Y–Fe–O and 78 nm thick a-Ge. Inset: Schematic view of the voltage-biased
measurements used to determine the large values of R which were converted
to ρ. (b) DOS vs energy for an amorphous semiconductor showing extended
states in green, the mobility edges εm,v, and εm,c and localized states in red,
which include a large density of defect states near the center of the gap.
(c) and (d) ln σ vs T�1=4 for a-Ge [panel (c)] and a-Y–Fe–O [panel (d)] show
linear behavior ln σ ¼ aþ b(T�1=4), indicating charge transport via variable-
range hopping. Linear fit parameters and χ2 are indicated for each fit.
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slope measured by the “quasi-dc” method is an artifact arising
from a large reactive component of the effective circuit. Figure 8(b)
shows measured ac voltage response, Vnl,ac, to a well-defined ac bias
current, including the in-phase component, X, out-of-phase com-
ponent, Y , and the total magnitude, R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2 þ Y2
p

for two differ-
ent base temperatures, 298 and 78K. Despite a relatively low f , the
out-of-phase component dominates the response at all f and T

shown here. This is seen clearly by R and subsequently Y having
much larger values than the in-phase response X. Note that mea-
surements of a resistive load (for example, when both excitation
current and voltage detection are attached to a single Pt strip) are
dominated by the in-phase component, as expected. This large
out-of-phase component of the response is perhaps not surprising
when neither charge nor spin can flow from injector to detector,

FIG. 8. Comparison of “quasi-dc” and ac lock-in measurements of non-local voltage on a device with Pt strips patterned directly on Si–N, with no spin or charge conduct-
ing medium. (a) Vnl vs Ibias determined from the “quasi-dc” differential conductance method with four different choice of the delay time parameter, starting with the 2ms
value that is the default for this instrument. All show a spurious negative slope. Inset: Schematic view of the non-local leads with current bias and voltage measurement
connections indicated. (b) Vnl,ac vs f measured with a lock-in amplifier, where Ibias is a sine wave with frequency f and the Vnl is connected to the lock-in input. At both
298 K (orange symbols) and 78 K (blue symbols), the response is dominated across this frequency range by the out-of-phase response. Inset: Closer examination of the
f , 17 Hz range. (c) Measurement of the time dependent voltage across the injector strip under “quasi-dc” excitation plotted vs time. The main panel shows the excitation
pattern during a differential conductance measurement, and the upper and lower insets show the excitation during the “delta mode” measurements for two choices of delay
time, as indicated in the insets. (d) Effective frequency of the “quasi-dc” measurements determined from time dependent measurements plotted vs the delay time
parameter.
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leaving capacitive and inductive coupling as the only mechanisms
for modifying the detected voltage. However, the large reactive
component presents a special challenge for the “quasi-dc”
measurement.

Figure 8(c) plots the current excitation from the Keithley
current source during the “delta mode” or differential conductance
vs time. The main plot shows the current ramp used during a dif-
ferential conductance measurement, while the top and bottom
insets show the current excitation used in “delta mode” for two dif-
ferent choices of the “delay time” parameter discussed above. All of
these signals are better understood as low-frequency ac excitations.
We explicitly measure the period of these signals for a range of the
“delay time” parameter and plot the resulting ac frequency vs the
delay time in Fig. 8(d). This shows that the default, short delay
time used in these measurements is the functional equivalent of
exciting a device with a square wave with f between 5 and 22 Hz.
As we show in Fig. 8(b) and is typical in non-local measurements
of spin transport through nominally insulating systems,15 at these
frequencies, the Si–N device is dominated by out-of-phase
response. This explains the apparent sign inversion of the resistance
as determined either from the VI curves measured with the
Keithley differential conductance mode or the resistance reported
by the “delta mode.” Here, the dc NVM is sampling an effective ac

response at a time where the ac voltage has swung out-of-phase.
Such a signal can, therefore, not be taken as strong evidence of spin
transport without additional verification from magnetic field
dependence or other control experiments.

Figure 9 compares non-local voltage measurements made with
quasi-dc and ac lock-in techniques when an amorphous germa-
nium film is placed beneath the metal strips. The quasi-dc mea-
surements, measured at a delay time of 2ms, compare four
different strip geometries, shown schematically in the insets in
Figs. 9(a) and 9(b). Figure 9(a) compares two “unguarded” geome-
tries with strips separated by distance L ffi 20 μm. The gray line
presents results with both Pt injector and detector, where the
copper-colored line was measured with Pt injector and a copper
detector. Both curves have a positive slope at Ibias ¼ 0, which could
be interpreted as arising from charge leakage through the Ge. The
values of these slopes, determined from the linear term of a poly-
nomial fit to the curves, define the first-order non-local resistance
R1,nl and are given for each curve in the figures. The lower voltage
and smaller slope for the Cu detector, seen in the values from
linear fits that are indicated in the figure, could arise from the
lower resistance of the Cu detector strip, as suggested in Eq. (3).
The deviation of the IV curve for the Pt strip apparent here seems
to match expectations for Joule heating, though we caution that the

FIG. 9. Non-local voltage measurements on 75 nm thick a-Ge. (a) Vnl vs Ibias using the “quasi-dc” measurement with Pt injector and Pt detector strips with L ffi 20 μm
(grey line) and using a Pt injector and Cu detector (orange line). Inset: Schematic view of the non-local setup with a Cu detector, with the possible third “guard rail” strip
shown in outline. (b) Similar Vnl vs Ibias measured with “quasi-dc” approach with the additional third strip in place. An apparent inversion of the sign of the non-local resis-
tance occurs. (c) Lock-in amplifier measurements of the same device with Pt strips and no “guard rail,” Vac,nl vs f with ac excitation Irms ffi 5 μA (similar behavior occurs
for larger excitations). As seen on Si–N, the signal is dominated by an out-of-phase component. (d) Lock-in measurements of the device with the third Pt strip added,
where the out-of-phase component is significantly increased. No negative values of non-local resistance are observed. Inset: Closer view of the f , 17 Hz range shows
the in-phase component always remains below the total signal magnitude.
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presence of the electrical artifacts related to the quasi-dc measure-
ment complicate such an interpretation. Figure 9(b) shows similar
data but with the additional Pt strip placed between the injector
and detector, while somewhat increasing the overall distance
between injector and detector at L ffi 30 μm. Here, both quasi-dc
VI curves invert sign, though the Cu detector again shows much
smaller values than the Pt. Without confirmation from the ac
lock-in measurements, this pattern could be interpreted as evidence
of spin transport, clarifying the importance of the more controlled
frequency-dependent non-local voltage measurements shown at
right.

Figures 9(c) and 9(d) present Vac,nl vs f measured with a
lock-in amplifier again on the same device with the same Pt strips
and the same cryostat wiring. As with the control experiment on
Si–N, the ac voltage is dominated by a large out-of-phase compo-
nent, with X , R even at frequencies below 10Hz. This is true for
both the case with no third Pt strip [panel (c)] and when the
“guard rail” is inserted [panel (d)]. Note the larger Vac,nl range in
(d), indicating as in the Si–N case that one major consequence of
the additional Pt strip is to increase the reactive components of the
overall circuit, leading to a larger out-of-phase component. The
inset shows a closer view of the low f region, again clarifying that
the in-phase portion of the response is always less than the reactive,
out-of-phase component. With the third Pt strip in place, at the
ffi 17Hz effective frequency of the quasi-dc IV measurement, the
out-of-phase component is 10� greater than the in-phase response.
Without the third Pt strip, the out-of-phase response still domi-
nates, but R is roughly half of the three-strip value. This significant
shift in the reactive impedance drives the false inversion of sign
between the experimental conditions of Figs. 9(a) and 9(b).

In Figs. 9(c) and 9(d), we also indicate the value of the non-
local resistance determined from the in-phase ac voltage compo-
nent for the two-strip “no guard” and three-strip “w/Pt guard rail”
cases, extrapolated to zero f based only on the lowest frequency
data points. If the Pt strip between injector and detector was actu-
ally acting to shield the detector from charge leakage, one would
expect this value to be dramatically lower in the “guard rail” case.
The experimental values provide no evidence of this, as Rac,!0Hz

instead increases by a factor of 2� 4� when the third Pt strip is
added, and the overall distance between injector and detector
increases. Though we caution that determining the true dc resis-
tance accurately is difficult when such large reactive components of
the circuit are present, the pattern shown here provides no clear
evidence of the “guard rail” effect. The increase in Rac,!0Hz upon
adding a strip and increasing L does not have a simple interpreta-
tion as charge leakage in a uniform conducting medium.

We now use the same two measurement techniques to
examine non-local voltage measurements on a-Y–Fe–O films.
Figure 10 presents VI curves measured on “no guard” [panel (a)]
and “w/Pt guard rail” geometries [panel (b)], taken with the
quasi-dc technique with delay time of 2ms (an effective ac excita-
tion with f ffi 17Hz) . As with our original work,23 these a-Y–Fe–
O films were deposited on top of a pattern of wider and longer Pt
strips, as shown in Figs. 3(c) and 3(d).56 As in the case of the a-Ge,
the two Pt strip “no guard” geometry shows a positive slope, but
the additional strip inverts the sign of the apparent non-local resis-
tance. Similar patterns with different overall magnitudes (not

shown) occur in a device with 100 nm thick a-Y–Fe–O. However,
as with the a-Ge, the sign inversion cannot be interpreted as evi-
dence of spin transport before closer examination of the frequency
dependence.

Figures 11(a) and 11(b) compare the total ac lock-in voltage
response, R [panel (a)] and in-phase component X [panel (b)] vs f
for three-strip geometries patterned via EBL on top of a 200 nm
thick a-Y–Fe–O with the layout shown in Fig. 3(a). As seen in both
Si–N and a-Ge, large out-of-phase components of the signal domi-
nate a much smaller in-phase response, with X approaching zero as
f drops. For a-Y–Fe–O, the in-phase response also has a clear com-
ponent /f 2. This is also true for the corresponding Si–N and
a-Ge, though less obvious in Figs. 8 and 9. This f 2 dependence
could be explained by a second leakage path into the detector strip,
through a parallel capacitance. Simple attempts to model this effect
suggest fairly large capacitances, well in excess of the value we cal-
culate based on the geometry of the conducting strips alone. This
could indicate that interfacial capacitances from Schottky barrier
effects between the metal strips and the samples play an important

FIG. 10. Non-local voltage Vnl vs Ibias measured using the “quasi-dc” approach
on a-Y–Fe–O using (a) only two Pt strips and (b) with the addition of a third Pt
“guard rail.” As seen in the a-Ge case, an apparent inversion of the non-local
resistance occurs. Red lines in both panels show the polynomial fit used to
extract the linear component, R1,nl. For both cases, the fit was performed from
�0:5 to 0:5 mA. Insets: Schematic views of the lead geometries used in each
panel.
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role. Additional work is required to confirm this speculation.
Importantly, the pattern of R in panel (a) shows that adding the
third Pt strip increases the reactive impedance, as seen with a-Ge,
which again will introduce artificial sign change in the effective
17Hz measurement of Fig. 10. The lower resistance of the Cu
detector drops both the in-phase and out-of-phase component of
the signal, though the dominant component remains the
out-of-phase reactive load.

In Figs. 11(c) and 11(d), we plot R and X at f ¼ 1:7Hz vs ac
bias current Irms for the same three-strip geometries. While the
reactive components increase roughly linearly with increasing
current, the in-phase component stays essentially zero as a function

of Irms. The only appearance of negative in-phase voltage, the true
condition for observation of non-local resistance consistent with
spin transport, comes at higher Irms but for the Cu detector strip,
where the small spin Hall angle suggests spin transport should not
generate a voltage. Note also that the additional Pt “guard rail”
could be seen as somewhat reducing the in-phase signal from
charge leakage, though the main effect is to increase the noise and
there is still not strong evidence of the effectiveness of this
approach, at least for the lead geometries we implemented here.

Figure 12 presents ac lock-in measurements on the simplest
two-strip geometry with the smallest L we examined, at 2 μm, mea-
sured for five T , at a larger bias current Irms ≏ 7mA. Figures 12(a)

FIG. 11. Lock-in measurements of non-local voltage on Pt and Cu strips patterned on a-Y–Fe–O. (a) Total signal magnitude R and (b) in-phase component X vs f for
three devices, Pt strips with no “guard” (pink symbols), using a Pt injector and Cu detector (orange symbols), and Pt strips with an additional Pt “guard” (dark blue
symbols). As with the Si–N and a-Ge devices, out-of-phase components dominate the response. (c) R and (d) X measured at f ¼ 1:7 Hz vs applied ac bias current, Irms.
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and 12(b) show again that the reactive components of the circuit
dominate the in-phase resistive components at all but the very
lowest f , and certainly at the ffi 17Hz effective excitation frequency
of the default Keithley delta mode and differential conductance
measurements. Figures 12(c) and 12(d) plot X, Y , and R at low f
for two temperatures, 340 [panel (c)] and 300K [panel (d)]. We see
that only at elevated T , where the charge conductivity of the
a-Y–Fe–O has increased significantly, and for f , 5Hz does the
in-phase response exceed the out-of-phase response in the lock-in
measurement. This is similar to the case for measurements of non-
local spin transport in epitaxial YIG15 though in a-Y–Fe–O, the
positive sign here indicates charge leakage and is not consistent

with spin transport. Finally, in the inset of Fig. 12(b), we plot
ln (X) measured at f ¼ 1:7Hz vs T�1=4. Across this somewhat
limited range of T , these points are well-explained by a straight
line, indicating that the temperature dependence of the resistive
response of the device is the same as for variable-range hopping,
Eq. (1), providing additional confirmation that charge leakage is
the physical origin of the only reliable resistive response measured
in these non-local experiments.

Contrary to our original work23 and in line with later investi-
gations of non-local voltage measurements in a-Y–Fe–O by other
groups,24,25 this more complete and detailed investigation shows no
evidence consistent with spin transport in this speromagnetic

FIG. 12. Lock-in measurements of non-local voltage on a two Pt strip device on a-Y–Fe–O with separation L ¼ 2 μm with a fairly large Ibias ¼ 7 mA for five temperatures
between 300 and 340 K. As in all previous devices, (a) R is large compared to (b) X for all f . 5 Hz. We separately compare R, X , and Y at (c) 340 and (d) 300 K. X is
only larger than Y for the highest T data, but remains positive, indicating that charge leakage generates this non-local voltage. Inset to (b): ln Xnl,ac measured at
f ¼ 1:7 Hz vs T�1=4 is linear, indicating this non-local voltage has the same temperature dependence as σ, likely also driven by variable-range hopping. Though this is a
fairly small T range, the fit to the VRH dependence is a better match to the data than a simple exponential dependence.
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disordered semiconductor over micrometer length scales.
Furthermore, the charge transport we have clearly identified should
be considered in experiments that claimed spin transport across
much thinner a-Y–Fe–O layers.21

V. CONCLUSION

In summary, we presented charge resistivity and conductivity
measurements on a-Y–Fe–O and a-Ge films in geometries used for
non-local voltage measurements. These show that both these mate-
rials should be viewed as amorphous semiconductors with charge
conductivity dominated by variable-range hopping. We also pre-
sented optical photoluminescence measurements that supported
this conclusion. We also presented simple analytic models to help
explain how charge leakage through such a medium can lead to
signals in non-local voltage measurements that originate purely
from charge. We presented magnetic characterization that shed
light on the disordered magnetism in a-Y–Fe–O. We also com-
pared two experimental techniques to carry out non-local voltage
measurements, including control measurements on Pt strips pat-
terned on a Si–N coated Si substrate and Pt and Cu strips patterned
on the a-Ge thin film. These show clearly that the fairly common
automated “quasi-dc” measurement carried out with a linked nom-
inally dc current source and nanovoltmeter actually applies an ac
current with frequency 22Hz in the common default settings, and
that this frequency falls in a range where our non-local voltage
devices are dominated by reactive contributions to the circuit. This
has the consequence that an inversion of the sign of a measured IV
curve can occur. This suggests strongly that when measurements
with these “quasi-dc” techniques are used, the sign inversion itself
is not sufficient to prove spin transport in a given device. Finally,
we carried out both “quasi-dc” and truly ac lock-in detected mea-
surements of non-local voltages in a-Y–Fe–O. Contrary to our
group’s original claim and in line with more recent measurements
from others, we see no evidence for spin transport across
micrometer-scale distances in this disordered magnetic
semiconductor.
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