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We have measured the local differential conductance spectra (dI/dV - V) of an itinerant ferromagnet com-
posed of polycrystalline SrRuO3 using the mechanically controllable break junction technique. Below the
material’s Curie temperature (Tc = 160K), characteristic peak or dip conductance spectra are observed.
The characteristic energy scale is comparable to the exchange spin splitting energy that is based on fer-
romagnetic band calculations. Both the peak and dip spectral shapes are explained based on the itinerant
ferromagnetic characteristics of SrRuO3 in terms of spin-dependent transmission, which is similar to the
giant magnetoresistance mechanism.

1. Introduction
Electronic transport characteristics in bulk systems usually reflect the average electronic prop-
erties of condensed matter. Recently, lengigel Y observed zero-bias asymmetric anomalies
in the diferential conductance in ferromagnetic Ni nanoconstrictions produced by the me-
chanically controllable break junction (MCBJ) techniqu@hese anomalies were explained
in terms of the Fanofeect, which originates from the Konddtect. The Kondo fect is
known to be observed in dilute magnetic alloys (e.g., AuFe), in which a small number of
magnetic atoms (iron) exist as impurities in a pure metal (gold) and antiferromagnetic
interactions between the localized spins and conduction electrons play an importéhttrole.
is therefore remarkable that the Kondideet has been revealed in a ferromagnetic Ni wire.
One important aspect of this MCBJ experimiemtas the measurement of the local transport
characteristics of the nanoconstrictions of the Ni wire rather than that of the bulk character-
istics. This showed that by applying a bias voltage with focus on a nanoscale region, it is
possible to discover new transport phenomena hidden in a bulk material.

Strontium ruthenate compounds of the Ruddlesden-Popper series, sugh Bs:8¥,, 1,
show many attractive properties. For exampleRsIO;, (n = 1) is now widely believed to
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be a chiral p-wave spin-triplet superconductor with time-reversal symmetry-breaking prop-
erties?® and SgRwLO; (N = 2) shows metamagnetism with a quantum critical p&ifit.
Forn = oo, STRUQ is an itinerant ferromagnetic metal with a Curie temperatiig ©Of

160 K89 The bulk perovskite SrRugstructure is orthorhombic at temperatures below 550
°C.19 Because of the material’s good lattice matching properties, thin films of SyR
often used as electrodes in heteroepitaxial devices; moreover, giRode of only a few
oxides that show metallic conductivity without doping. Many experimental and theoretical
studies of SrRu@have been carried out to date, but MCBJ experiments on SyRuGtions

have not yet been reported. Using the MCBJ technique, it is possible to apply a wide range
of bias voltages to a SrRuQunction to investigate the local electronic states of SrRutOs

also possible to measure the local electronic states of the material, bothTagkovd above

Tc, because of its moderaig value.

In this paper, we present results of locaffeiential conductance spectrdl (dV - V)
measurements of an itinerant ferromagnetic oxide, SERUQ = 160 K), using the MCBJ
technique at temperatures above and below the mafggial'he diferential conductance
spectra measured in the ferromagnetic and paramagnetic states over a wide junction conduc-
tance range enables us to extract the electronic states of ferromagnetically ordered states.

2. Experimental methods

Polycrystalline SrRu@samples were prepared by a conventional solid-state reaction method
using SrCQ and RuQ as starting materials. After careful mixing, the materials were shaped
into pellets and sintered at 1100 in air. After subsequent crushing of the pellets, the above
process was then repeated. Scanning electron microscopy (SEM) images of the sample sur-
face show numerous sintered grains with sizes of approximately Qui-{Fig. 1(c)]. The

quality of the test samples was checked using bulk resistivity - temperatufE) (measure-

ments [Fig. 1(d)], which show a clear kink at 163 K that reflects the ferromagnetic transition
observed in previous repots? Thep - T measurements are described in more detail later.
The MCBJ experiments were then performed using five pieces of SyRa#&Bh piece for the

MCBJ experiments was cut to a size-oB x 1 x 0.5 mm?, with a notch located at the center

of the piece for the breakage, as shown in Fig. 1(a). The piece was electrically isolated from a
phosphor bronze bending beam (0.3 mm thick) using a sheet of cigarette paper and was then
glued to the beam using Stycast 2850FT epoxy. ThHemrtintial conductancel(/dV - V) was
measured using a quasi-four-probe lock-in technique at an ac modulation frequency of 89.3
Hz and amplitudes of 0.3—3 mV. In this case, “quasi-” means that the current and voltage
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lines were glued together on the sample surface using the same droplet of silver epoxy [Fig.
1(a)]. Because the break junction resistaneel (>~10* Q) is much higher than the contact
resistance between the silver epoxy and the sample, this method is regarded as the standard
method. The measurements were carried out at less thar01 Pa at temperatures ranging

from 77 to 200 K using liquid nitrogen and dry ice. In this paper, we report the data from three

of the samples of SrRuQsamples S1, S2, and S3) because the other samples also showed
similar results to S1-S3.

3. Results
The bulkp - T curve of SrRu@ shows a clear ferromagnetic transition kink at 163Ti)(
as shown in Fig. 1(d). The reduction in resistivity beldwis regarded as the suppression of
electron scattering caused by spin fluctuati&h3he magnitude op of the polycrystalline
sample, however, is approximately seven times larger than that of a single-crystal nfaterial.
Therefore, the mean free path of this sample is estimated to be much shorter than that of the
single crystal. In this case, the values of the mean freelpsttine sample are estimated to be
[(77 K) ~ 0.3 nm and (200 K) =~ 0.2 nm by applying the Drude formula for the measured bulk
resistivity with reference to the estimation of Allehal® These estimates bfire reasonable
because the room-temperature mean free path for a mixed single crystgl83&E;RuUCs;,
which shows a similar resistivity to the present sample, was also estimated to be in the range
of only 0.2-0.3 nm?

Figures 2(a) and 2(b) show a wide range dfatiential conductance spectd (dV - V)
from the SrRu@ sample S1 at temperatures of 77 K £ T¢) and 200 KT > T¢), respec-
tively. The spectra show peak or dip structures at approximately zero bias voltage at 77 K
(T < Tc), while they are almost constant at 200 K ¢ T¢). Therefore, the dierences be-
tween the spectra with respect to temperature suggest that ferromagnetism plays an important
role in the conductance spectra. Here, we note that a conductanceX¥1 S corresponds
to ~ 1Gy; the quantum conductan@ = 2€¢?/h (1/Gy ~ 12.9 kQ), wheree is the electronic
charge andh is Planck’s constant. Therefore, the conductance spectra shown here were ob-
tained in the contact region, althougBglfor STRuQ does not necessarily indicate a specific
conductance observed in, for example, a gold atomic cHdin.

Figures 3(a)-3(f) show the normalizeld/dV characteristics of the SrRyB@amples S1,
S2, and S3, and the data of nonmagnetic copper for comparison [Figs. 3(m) and 3(n)]. The
peak and dip structures di/dV - V in the ferromagnetic states are clear. To show the kink
structures ofil/dV - V more clearly, we showl?l /dV? - V spectra, which are the numerical
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derivatives of rawdl/dV data with respect t&. Thed?l/dV? - V spectra show a clear devi-
ation at approximately0.2 V in Figs. 3(g)-3(i) at 77 K£ Tc). In contrast, no anomalous
features are observed in Figs. 3(j)-3(l) at 200KT(). Thus, the characteristic energy scales
of the peaks or dipsH,, 4) are considered to be approximately 0.2 eV. We cannot immediately
evaluateE, 4 from theoretical band calculation&:*® Note, however, tha, 4 is of the same
order as the calculated exchange spin splitting enerdy.of 0.65 eV1% Broadly speaking,
Aexis the splitting energy that occurs between the majority and minority band peaks across the
Fermi energ\Er of this compound. Therefore, the conductance is variable and may increase
or decrease when we increase the bias voltage from zeroup\tg/e in the ferromagnetic
state. The origins of these two kinds of spectral shapes are discussed later.

To see the temperature variationddf/dV - V, we study the data of sample S1 shown in
Fig. 4. As the temperature increases, the conductance also increases becauséfefe¢heali
in the thermal expansion cfiient between the sample (SrRy)@nd the bending beam
(phosphor bronze) shown in Fig. 1(a). However, we can see clear spectral variations in the
normalizeddl/dV - V data. Figure 4(b) shows clear changes in the shape of spectra from a dip
(lowdl/dV atT < T¢) to a peak (highdl/dV atT < T¢) and finally to a flat shapel(> Tc).
This result supports the idea that the peak or dip structures originate from ferromagnetism.

4. Discussion
The experimental results are summarized as follows. At temperaturesbgltved|/dV - V
spectra show peak or dip structures around zero bias voltage up to energy séglgsdi.2
eV. In contrast, these peak or dip structures disappear at temperatureSgbove

We consider the origins of the peak and dip structures in the ferromagnetic states. In
this experimental case, the mean free paih estimated to be too small and comparable
to the lattice constant of this compouH¥ Therefore, electron transport is not ballistic but
diffusive. Furthermore, junctions are not ideal point contacts but are several conduction paths
with several grains because of the polycrystalline nature of the sample, as shown in Fig. 1(c).
We roughly estimate, however, thexrtive junction size on the basis of a point contact model
connected through a circular orifice of diamedemn a diffusive regime where< d, contact
resistance is expressed as the Maxwell resist&jce 5.20'21) Thus, the fective junction
sizes in the conductance range~ob x 10%-1x 1072 S are estimated to be 3-55 nm at
77 K, and~ 4.5-90 nm at 200 K. Taking the Ru-Ru distance of 0.39%imto account,
junctions contain 50-16 x 10*, and~ 100-42 x 10* RuQs octahedra units at 77 and 200
K, respectively. Here we note that a magnetic domain size @0 nnt? is on the same
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order as grain size. Therefore, the junction sizes are smaller than the domain size. We also
note that the magnetic domain wall size is relatively small (approximately?? mmsmaller
than 10 nm¥), as determined by thin-film experiments, reflecting a highly cohesive field of
SrRuQ@.?¥

Here, we regard the junction as a type of giant magnetoresistance (GMR) é&evite.
GMR is ascribed to spin-dependent electrical transport phenomena that show low (high)
resistance between the parallel (antiparallel) spin configurations of ferromagnetic devices.
The mechanism is explained based on spin-dependent transmission and the density of states
(DOS) by assuming elastic scattering, from which the spin-flop scattering is absent. Figures
5(c)-5(f) show schematic diagrams of the DAX )] of the parallel and antiparallel spin
configurations of SrRu@under zero and finite bias voltage conditioNs £ Acy/€). The
tendency of the dierential conductancel/dV to increase or decrease is roughly estimated
using an integrall(= fg—\',d\/) because is proportional to an overlapping area®@(E), and
D(E), (1, 2: electrode index). If the overlapping area increases at a specifica@éHr)]
with increasing bias voltage, thett/dV = constant, which thus obeys Ohm’s law. However,
if the overlapping area increases at a rate that is higher than the specified ExteH)], then
dl/dV also increases, and vice versa. Here, we suppose that we increase the bias voltage from
zero to~ Agy/ein the parallel spin configuration [Figs. 5(c) and 5(d)]. Then, the overlapping
area of the up-spin part hardly increases because there are hardly any empty states left above
Er to which the high-energy electrons can be transferred. In addition, the overlapping area of
the down-spin part does not increase either when compared with the valuB (&) - (eV)
[see the overlapping area indicated by hatching in Fig. 5(d)]; thereddydV decreases. In
the antiparallel configuration [Figs. 5(e) and 5(f)], the overlapping area of the up-spin part
hardly increases similarly to that in the parallel configuration; however, the overlapping area
of the down-spin part increases at a rate higher than the specifiedrBYEE)] in this case
[see the overlapping area indicated by hatching in Fig. 5(f)]. We note here that the contribu-
tion of the up-spin part is basically small in this model; thus, the contribution of the down-spin
part is dominant for the totall /dV. Therefore, the totall /dV increases from zero to Aey/€
in the antiparallel configuration. The peak (dip) structure lgidV can therefore be qualita-
tively explained using the GMR model. It suggests that the ferromagnetic grain-grain MCBJ
contacts behave as a spin-dependent transmission device, although the transport phenomena
are not real tunneling phenomena. These results are also in good agreement with the results
of the ab initio calculations of the Ni magnetic point contact, in whiglydV - V shows a
peak in the parallel spin configuration and a dip in the antiparallel spin configur&ion.
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5. Conclusions

We have measured the localiérential conductance spectid (dV - V) of polycrystalline
SrRuQ@ samples in wide bias voltage ranges using the MCBJ technique. Below the Curie
temperaturel ¢, characteristic peak or dip structures were observed itpa@V - V spec-

tra, reflecting the material’s ferromagnetism. No characteristic spectra were observed above
Tc. We assume that the junctions are formed with several SgRu&n contacts. Using the
analogy of the GMR mechanism, the peak (dip) structures adtp@V spectra can be quali-
tatively explained. By taking into account the spin-dependent DOS for transmission without
spin-flop, the peak (dip) structures are expected to occur between parallel (antiparallel) do-
mains. The characteristic energy scales ofdhalV - V spectra for both the peak and dip
structures ar&p 4 ~ 0.2 eV, which is comparable to the exchange splitting energy from the
ferromagnetic band calculationdy ~ 0.65 eV). These results suggest that the observed trans-
port phenomena can be attributed to the itinerant ferromagnetic characteristics okSrRuO
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Fig. 1.  (Color online) (a) Schematics of the MCBJ sample of SrR[t6p view (upper) and side view
(lower)]. (b) Photograph of the MCBJ sample on the bending beam. (c) SEM image of sample S1 after the
MCBJ experiment. A breakage line can be seen at the center. (dpBulkdata for polycrystalline SrRuQ
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(Color online) (a)dl/dV - V data of SrRu@sample S1 obtained at 77 K (beldw), and (b) the

corresponding data obtained at 200 K (ab®dgg Note the logarithmic scale on the vertical axis.
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Fig. 3.  (Color online) (a)-(f) Normalizedl/dV - V and (g)-(l) selected?l /dV? - V (with corresponding

color) for SrIRuQ. Thedl/dV - V data are normalized at0.3-04 V. Thed?l /dV? - V spectra are numerical

derivatives of rawd|/dV data with respect tv/. Data for sample S1 at (a, g) 77 K and (d, j) 200 K. Data for

sample S2 at (b, h) 77 K and (e, k) 200 K. Data for sample S3 at (c, i) 77 K and (f, [) 200 K. (mjl ReW
data and (n) normalizedll /dV - V for nonmagnetic Cu at 77 K.
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Fig. 4. (Color online) Temperature variationsaf/dV - V for STRuQ sample S1 [(a) raw data and (b)

normalized data].
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Fig. 5. (Color online) Schematics of junctions consisting of SrRg&ains and their domain configurations

in (a) parallel and (b) antiparallel case. Schematic energy bands of two electrodes on both sides of the junctions
in (c, d) the parallel domain and (e, f) the antiparallel domain configurations. The dotted lines indicate the

Fermi levels. The bias voltagé shifts the energy level [(c, 8) = 0, (d, f) V = Aqy/€]. Aexis the band splitting

energy due to ferromagnetism. The blue hatched areas are guides to show the overlapping of the down-spins
under a bias voltage df.,/e.
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