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The magnetoresistance of epitaxial thin films (250 to 1000 A thick) of the metallic oxide ferromagnet
SrRuO; has been measured at temperatures ranging from well below to just above the Curie point
(=~160 K). Measurements using both transverse (nonzero Lorentz force) and longitudinal (zero Lorentz
force) geometries cleanly distinguish between an orbital contribution, present only at low temperature,
and a spin-flip scattering contribution, present at all temperatures, to the resistivity in magnetic field.
The magnetoresistance also shows strongly hysteretic behavior with high coercive and saturation fields.
Through the Curie point, the magnetoresistance magnitude shows a maximum, which results from the
suppression of the phase transition in magnetic field. The temperature derivative of the zero-field resis-
tivity also shows a discontinuous jump, as predicted by standard theory.

I. INTRODUCTION

As a consequence of intensive research on the oxide
high-temperature superconductor materials, there has
been a revival of interest in oxide normal (nonsupercon-
ducting) metals as well. This interest has been stimulated
by the search for lattice-matched, nonreactive metals for
use in the development of proximity-coupled Josephson
junctions. This search has also led to the realization that
the metallic oxides possess a large array of interesting
physical phenomena in their own right, ranging from
strong Coulomb interactions to ferromagnetism to opti-
cal transparency, many of which are not fully under-
stood. Charge transport in the metallic oxides differs
qualitatively from conventional metals. The room-
temperature resistivity of nearly all metallic oxides is
~100 wpQcm, about 100 times larger than conventional
metals. Electrical conduction in metallic oxides depends
strongly on the hybridization between the cation constit-
uents and oxygen.

In this paper we report detailed magnetoresistance
measurements on thin films of the ferromagnetic oxide
metal SrRuO;. This material is one of very few oxide
metals that shows ferromagnetic order as opposed to the
more common antiferromagnetism seen in many oxide
metals and semiconductors. At the present time it is not
understood why SrRuO; is ferromagnetic, while many
closely related ruthenates, such as CaRuO;, are not.! It
is possible that ferromagnetism in SrRuQO; arises from an
itinerant polarized conduction band. Therefore charac-
terizing the interplay between the band-structure conduc-
tion and the ferromagnetism is important to understand-
ing the nature of magnetic order in SrRuQO;.

The organization of the paper is as follows. Section II
discusses SrRuQ; and reviews relevant aspects of magne-
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toresistance theory. Section III discusses the experiment
and data. Section IV offers an analysis of the data within
standard magnetoresistance theory. Section V summa-
rizes.

II. BACKGROUND

A. Properties of the STRuQO;

SrRuO; was synthesized in 1959 by Randall and Ward?
as part of a larger study of ruthenate compounds. The
crystal structure was found to be orthorhombic with lat-
tice constants a°=5.56 A, b°=5.53 A, and c°=7.84 A.
It has a subunit cell that is a pseudocubic perovskite with
lattice constants a?=bF=c?=3.93 A. For the purposes
of this paper, the Miller indices for STRuQO; will be given
with respect to the perovskite cell,® denoted by a super-
script P.

In the 1960s and 1970s, Callaghan, Moeller, and
Ward,* Longo, Raccah, and Goodenough,’ and Kan-
bayashi® investigated several basic magnetic and electron-
ic properties of single-crystal SrRuO; samples. They
found it to be a metal (p~300 ucm at 300 K) with a
ferromagnetic phase transition at a Curie temperature
(T,) of ~160 K. These authors also suggested that the
ferromagnetism arises from an itinerant electron band
rather than localized moments. Several characteristic
magnetic values were measured during this period. The
saturation moments reported are between 0.85 and 2.5
Bohr magnetons per Ru atom. In single crystals, large
values of the coercive force (=~3 kG) and the remanence
(=14 emu/g) were also found.

Other than some neutron-diffraction experiments’ on
SrRuO; powder specimens to more accurately determine
the magnetic and lattice properties, little work on the
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perovskite ruthenates was done until 1991. Spurred on
by interest in the high-temperature cuprate superconduc-
tors, there has been vigorous renewed interest in thin
films of nonsuperconducting oxide metals in general and
SrRuOj in particular. Since the lattice constants of the
pseudoperovskite unit cell of SrTRuO; are nearly equal to
the a and b lattice constants of the high-T, superconduc-
tor YBa,Cu;04, it is in principle possible to grow epitaxi-
al thin-film superconductor—normal-metal (S-N) struc-
tures for Josephson device work. Initial work on ruthen-
ate thin-film synthesis was pursued by Eom et al.® and
Antognazza et al.,’ leading to successful synthesis of epi-
taxial SrRuO; on a variety of substrates. Detailed
structural and magnetic phase transition studies of
SrRuO; films were recently reported by Catchen, Rearick
and Schlom.! These works directly led to the growth of
YBa,Cu;0,; on SrRuQ; thin films and the successful fa-
brication of Josephson junctions coupling two layers of
YBa,Cu,0,; through an intervening SrRuO; normal-
metal weak link.°”!! It was noted in Ref. 9 that the ob-
served Josephson effect is inconsistent with the conven-
tional understanding of superconductivity, since fer-
romagnetism and BCS superconductivity cannot coexist.
It is presently unknown whether this unusual phenom-
enon is a peculiarity of transport in SrRuOj; thin films
grown on YBa,Cu;0, or of the superconductivity in
YBa,Cu;0,. In order to clarify this issue, a better under-
standing of charge transport in SrRuQO; thin films is re-
quired.

B. Magnetoresistance

In this paper, we define magnetoresistance (MR) as the
change in resistivity [Ap=p(H)—p(0)], normalized to
the zero-field resistivity p(0), upon application of an
external magnetic field H. There are many different clas-
sical and quantum origins of magnetoresistance in metals.
The relevant mechanisms are reviewed here.

A change in resistance arising from Lorentz force per-
turbations of real- or reciprocal-space charge trajectories
is defined as an “orbital” MR. The simplest case is an
isotropic material in a “weak” (as defined below) magnet-
ic field H perpendicular to the current density J, termed
the transverse geometry. In zero field the current distri-
butes itself to find the paths of least resistance. In a
transverse field, the real-space charge trajectories are
bent away from their zero-field paths by the Lorentz
force, proportional to JXH. Since the new paths are no
longer necessarily the paths of least resistance, the
effective mean free path (/) and scattering lifetime (7)
will decrease. To estimate this correction to the resistivi-
ty, i.e., the magnetoresistance, Abrikosov!? suggested
that the path difference can be found by subtracting the
length of a chord from its corresponding arc of a circle.
This gives a transverse MR Ap /p(0)=~(1 /Iy )?, where I is
the mean free path and Iy =(cpp/eH ) is the Larmor ra-
dius of a charge with Fermi momentum py. This results
in a positive quadratic dependence of the MR on H. Not-
ing that /<7 and using the cyclotron frequency
w,=(eH /m*c), where m* is the effective mass, the rela-
tionship can be written in the common form known as
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Kohler’s rule: Ap/p(0) < (w,7)* for the case of “weak”
magnetic fields o 7<1.

A larger transverse MR can occur if a system has mul-
tiple bands, giving rise to parallel current trajectories in
reciprocal space. A standard calculation'® shows that, if
the bands are either all electronlike or all holelike, the
MR again increases as +H? in weak field (0.7<1), and
saturates in strong fields (w,7>1). The presence of mul-
tiple uncompensated bands generally yields a significantly
larger-magnitude effect than a simple perturbation of
real-space trajectories. In a compensated material, the
MR continues to diverge as +H? in both weak and
strong fields.

In a metal with magnetic spins, an additional
quantum-mechanical scattering mechanism is possible.
This is “spin-flip” or “spin-exchange” scattering, where a
conduction electron scatters by exchanging spin with a
magnetic moment or spin excitation. An external mag-
netic field increases the energy needed to flip a spin and
thus decreases the amplitude for spin-flip scattering. All
other effects being equal, the resistivity then decreases in
a field, yielding a negative MR (i.e., Ap<0). A simple
consideration of the weak-field spin-flip scattering ampli-
tude between an electron and a single local magnetic mo-
ment is given by Abrikosov,'? who derives Ap/p(0)
= —a(uH )% where a is a positive constant and p is the
moment per magnetic scatterer. The spin-flip scattering
from exchange between conduction electrons and spin ex-
citations in an itinerant ferromagnet was considered by
Herring.!* More sophisticated calculations of the field
and temperature dependencies of spin-flip scattering be-
tween conduction electrons and various kinds of dynamic
spin fluctuations were done by Mills and Lederer'® and
are reviewed by Moriya.'® The general conclusion is that
the spin exchange leads to a MR of opposite sign to the
orbital case. Another crucial difference between the or-
bital and spin-flip mechanisms is that the spin-flip
suppression is independent of the Lorentz force. It is
present even if JXH=0, so the spin-flip and the orbital
effects can be cleanly separated by measurements of both
the transverse (JLH) and longitudinal (J||H) MR’s.

C. Ferromagnetic phase transition

A simple general description of magnetic properties
through a second-order ferromagnetic phase transition
can be found by applying mean-field theory.!” The order
parameter of the phase transition is the magnetization M,
which grows just below T, as (T, — T')? where the mean-
field exponent B=1. It can be shown that in a ferromag-
net the derivative of the resistivity vs temperature,
dp/dT, is proportional to the same spin-spin correlation
function that determines the specific heat.!® Since in
mean-field theory the specific heat undergoes a discon-
tinuous step increase through T,,!° this implies that
dp/dT should show a similar step discontinuity through
T., so that p(T) should show a break in slope at T,.
Therefore a jump in dp/dT can be used in the same
manner as the specific heat to identify a ferromagnetic
phase transition.
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D. Hysteresis

In a ferromagnet, the large numbers of magnetic mo-
ments can lower their macroscopic dipolar interaction
energy through the formation of magnetic domains, be-
tween which the net alignment is either perpendicular or
antiparallel.?’ In an external magnetic field, domains with
preferential alignment tend to grow and invade neighbor-
ing counteraligned domains. Ideally, this domain-wall
motion is reversible to the original zero-field domain
structure. However, defects in real materials may act as
pinning sites that must be overcome before a domain wall
may pass. This makes the magnetic domain evolution ir-
reversible and results in the hysteresis common to all real
ferromagnets. In order to return to a zero-magnetization
value, a finite reverse field, the coercive force, must be ap-
plied. Because the reversibility of the domain-wall
motion is dependent on defect structure, hysteresis effects
are normally strongly dependent on a sample’s micro-
structure and hence are not truly intrinsic properties.

III. EXPERIMENT AND DATA

A. Experimental details

Thin-film samples of SrRuO; films were deposited by
either laser ablation or single-target 90° off-axis sputter-
ing?"22 onto edge-oriented (100) single-crystal LaAlO,
substrates. X-ray diffraction showed the SrRuO; films to
be oriented with [001]7 normal to the substrate, with in-
plane twinning of the [100]7 and [OIQ]P axes. Samples
ranged in thickness from 250 to 1000 A. Using standard
photolithographic techniques and etching with a 500 eV
Art ion beam, we patterned four-point resistivity lines
into each sample. The dimensions between the voltage
leads were 2 mm X 100 um (length X width). Ohmic elec-
trical contact was achieved with silver epoxy attachment
of copper wires to contact pads. Resistance was mea-
sured by biasing the sample with an ac current (500-1000
Hz) and detecting the resulting voltage drop by lock-in
techniques. Bias amplitude was kept small enough to
guarantee the response was Ohmic. The samples were
mounted, one by one, on a Cu probe head that could be
dropped into a cryostat chamber. A resistive heater and
calibrated carbon-glass resistor mounted in the Cu probe
head were used to control and measure temperature be-
tween 1.2 and 300 K. The resistivity as a function of
temperature for a typical sample is shown in Fig. 1. A
superconducting solenoid was used to apply magnetic
field from 0to 9 T.

The magnetoresistance of the STRuO; films was exam-
ined in two different field geometries, which are defined
here. Transverse perpendicular (TMR)) denotes that the
current direction is at right angles to the magnetic field H
(i.e., transverse), and that the magnetic field is perpendic-
ular to the plane of the film (i.e., 1). The other
configuration is longitudinal (LMR), which describes a
field parallel to the current, and hence also to the plane of
the film. For the LMR geometry, the field is parallel to
either an in-plane [100] or [010] direction of the sub-
strate, and therefore to the twinned [100]° and [010]7
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. FIG. 1. Temperature dependence of the resistivity for a 250-
A-thick SrRuOs film.

directions of the SrRuO; films. Positive magnetoresis-
tance is defined as an increase of the resistivity in magnet-
ic field, compared to the zero-field value. Negative mag-
netoresistance indicates a decrease of the resistivity in
field.

B. Data

The data fall into three areas of interest. The first con-
cerns the similarities and differences of the MR curve
shapes in the two geometries, which are intrinsic proper-
ties of the material. The second deals with hysteretic
effects found in the MR curves, which are a consequence
of the magnetic domain structure. Lastly, we describe
the behavior of the magnetoresistance near the Curie
point (7,=158+2 K). Data shown are representative of
all samples.

MR curve shapes. The TMR, curves as a function of
applied magnetic field at two temperatures well below the
Curie point for a 900-A-thick SrRuO; film are shown in
Fig. 2. These data were taken by first cooling the sample
to 5.2 K in zero magnetic field, taking a MR trace at this
temperature by ramping the field up and down, then in-
creasing the temperature up to 20.5 K. The low-field
behavior of the initial ramp up in field at 5.2 K is qualita-
tively different from all subsequent field sweeps. The ini-
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FIG. 2. Transverse magnetoresistance curves at 5.2 and 20.5
K for a 900-A-thick SrRuO; film. The sample was cooled to 5.2
K in zero field. Open circles mark the first field rampup to 9 T
at 5.2 K. Dark circles indicate all subsequent field ramps up or
down at 5.2 K. Temperature was then increased to 20.5 K.
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tial ramp up produced a TMR | curve that is positive and
parabolic (x +H 2) for H<2 T, but the return (down)
ramp data break away from the sweep up data and be-
come a linear function as H—0. After the initial ramp
up, there is no difference between data taken ramping the
field up or down at any fixed temperature, as long as the
sample is maintained below T,,. Up to ~70 K, the TMR |
data are all positive and approximately linear at fields <1
T. Each trace shows a maximum, which decreases both
in magnitude and field position with increasing tempera-
ture. For instance, the maximum at 5.2 K occurs around
4.2 T and peaks near +0.8%, while at 20.5 K it occurs
around 3.8 T and peaks at +0.6%. The maxima are
broad, and at the higher temperatures there is a crossover
from positive to negative MR at higher field.

Figure 3 shows the effect of geometry on the low-
temperature MR curves. Typically, each field sweep con-
sisted of roughly 100 data points, of which only a few are
marked for clarity. All data in this figure were taken
near 10 K on one 250 A sample, but in different
geometries. The circles and triangles indicate the TMR |
and LMR geometries respectively. The geometry was
changed between measurements by bringing the sample
out of the cryostat to room temperature, rotating the
sample, then cooling back down in zero field. Black sym-
bols mean the data were taken during the initial field
ramp up in each case, while the white symbols are for all
subsequent field sweeps up or down at this temperature.
In both geometries, the initial ramp up and all later field
sweeps do not overlap below 4 T. The TMR, geometry
data show positive MR with a broad maximum consistent
with Fig. 2. The entire LMR curve has negative MR
values, with a large magnitude change from zero field
(about —5% near 7 T). The magnitude of the LMR data
also increases quadratically at lower fields on the initial
ramp up, and returns back in a quasi-linear fashion upon
decreasing the field back to zero.

The inset of Fig. 3 shows the MR behavior at 150 K
(just below the Curie point), using the same sample as in
the main figure. In each geometry, these data were

(p(H) - p(0)) / p(0)) (%)

H (Tesla)

FIG. 3. Magnetoresistance in the TMR (circles) and LMR
(triangles) geometries at 10 K. The sample was zero-field
cooled. Dark symbols indicate initial field ramps, and the open
symbols show all subsequent field ramps at that temperature.
Inset: Magnetoresistance in the two geometries at 150 K. Axis
units are the same as in the main figure. For both geometries,
initial field ramps were done at 10 K before warming the sample
to 150 K.
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recorded following the data of the main figure, after rais-
ing the temperature to 150 K. Up and down field sweeps
are equivalent in each geometry since the initial ramp up
was done at 10 K. At 150 K, both orientations show neg-
ative MR; that is, the positive contribution to the TMR
at low temperature disappears at higher temperature. In
fact, we observed the TMR to become negative at all
fields for temperatures above 70 K. This higher-
temperature negative MR has a roughly linear depen-
dence of H in both orientations.

Hpysteresis. A strong MR hysteresis curve, symmetric
around zero field, is shown in Fig. 4(a). These data corre-
spond to a 250-A-thick sample in the TMR, geometry,
held at 1.19 K. The sample was cooled in zero field and
immersed in liquid He. Temperature was both monitored
and controlled by maintaining the He partial pressure
over the liquid. When 1.19 K was reached, the field was
first ramped up and back, then the magnet leads were
switched to reverse the polarity of the field. The initial
sweep up, shown as -+ signs leading away from
“START,” approaches the main hysteresis curve in the
same quadratic manner as shown in Fig. 2. The slope
crossover is present in both polarities, each mirroring the
other side. The bold arrows indicate the directions of the
field sweeps. As the magnet changes polarity, the MR
signal traces out a butterfly-shaped curve. The forward
and back sweeps overlap around 3.5 T, which corre-
sponds to the saturation field in the magnetization hys-
teresis [Fig. 4(b)]. The hysteresis itself is the result of an
overshoot by the signal as it approaches and then passes
zero field from both above and below. The minima in the

(p(H) - p(0)) / p(0) (%)
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FIG. 4. (a) TMR, of a 250-A-thick SrRuO; film, cooled in
zero field, taken with both field polarities at 1.19 K. The +
symbols indicate data taken on the first field ramp up. (b) Mag-
netoresistance hysteresis loop of a SrRuQO; film as a function of
applied field H at 4.2 K.
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FIG. 5. The transverse magnetoresistance value in a field of
6.9 T taken at several temperatures through T,. The sample
was zero-field cooled to 5 K and the field was ramped up and
down at each temperature.

TMR, data near =1 T, are still positive with respect to
the initial H =0 resistivity, and correspond to the coer-
cive field (M =0) in Fig. 4(b). After the initial ramp, the
butterfly shape repeats itself as the magnet cycles through
positive and negative field directions.

Critical behavior. The magnitude of the negative MR
increases as T approaches T, from both above and below,
as can be seen clearly by the plot of the MR at H=6.9 T
versus temperature shown in Fig. 5. Here a film in the
TMR, geometry was cooled to 5 K in zero field. After
stabilizing the temperature at each point shown, the MR
was taken by ramping the field up to 8 T and back to O T.
The temperature was then increased. The collected MR
values at H=6.9 T for each run were graphed together.
The result is a large negative dip (around —4%) at T..

The kink in the resistivity (Fig. 1) that appears at T, in
H=0 can be more closely examined through a first
derivative. A digital derivative was taken and is shown in
Fig. 6. At high temperatures, dp/dT is relatively con-
stant. At T, it takes jumps up to a higher value, and falls
roughly linearly as the temperature is lowered. Figure 6
also shows dp/dT taken by cooling the sample in a field
of 5.2 T. For these data, the sample was first warmed to
~280 K in zero field. Then the magnetic field was ap-
plied, the magnet was set to persistent current mode, and
the sample was cooled. While dp/dT is not constant in
this temperature range, it is clearly seen that the jump at
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FIG. 6. First derivative of the resistivity with respect to tem-
perature in zero field and in 5.2 T. The 5.2 T data were taken by
cooling the sample from above T, in fixed field.
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T, is greatly suppressed in a high magnetic field. Above
~5 T, the resistivity through the transition is smooth.
The MR in both geometries is negative for T > 70 K; that
is, the resistivity in 5 T is smaller than the zero-field
value.

IV. DATA ANALYSIS

Magnetoresistance. The data clearly show two compet-
ing weak-field MR mechanisms in SrRuQ; at low temper-
ature. One process yields a positive MR, while the other
results in a negative MR. In the low-temperature TMR
data there is a crossover from dominant positive MR
behavior at lower fields to dominant negative MR
behavior at higher fields, resulting in the maximum evi-
dent in Fig. 2. The fact that the positive MR does not
appear in the LMR data shows unequivocally that the
positive effect is dependent upon the Lorentz force and is
therefore, by definition, an orbital effect. The positive H?>
field dependence (on the initial magnetic field ramp) and
the disappearance of the positive component of the TMR
at higher temperature are both characteristic of orbital
magnetoresistance in the weak-field limit. Conversely,
the LMR data show that the negative MR is independent
of the Lorentz force and is therefore most likely a purely
spin-dependent effect that competes with the orbital
effects in the TMR geometry.

Ascertaining the physical origin of the orbital MR is
complicated because the data are all in the weak-field lim-
it, due to strong scattering effects in the SrRuO; films.
Our Hall effect measurements?> on the (Ca,Sr)RuO; sys-
tem give a carrier density of about 2X10*? c¢cm ™3, not
much smaller than that of conventional metals. There-
fore the resistivity of ~100 uQ cm at 4.2 K indicates a
total scattering lifetime two to three orders of magnitude
smaller than in conventional metals, so that w,7<<1 at
all achievable fields. From the resistivity and the carrier
density, the mean free path / is estimated to be <200 A
at 4.2 K, compared to a Larmor radius /=2 pum at
H =2 T where the positive H> TMR is prominent. If we
assume that the orbital MR arises solely from real-space
path perturbations in the weak-field limit, these numbers
yield a TMR magnitude

Ap(2 T)/p(0)=~(1/14)*<0.01% ,

which is ~ 100 times smaller than what is observed. This
discrepancy provides strong evidence that the positive
TMR does not result principally from perturbation of the
real-space current trajectories.

The orbital MR is also not fully consistent with generic
band-structure effects. A comparison of the functional
shapes of the negative LMR and the TMR for H >4 T at
5 K (Fig. 2) shows that the positive orbital contribution
cannot continue to increase as + H? at higher field. The
magnitude of the LMR data above 4 T (Fig. 3) increases
slightly more slowly than —H %, with a simple power-
law fit giving a —H%? dependence. Therefore, if the
positive MR contribution continued to increase as +H?2,
as predicted by all weak-field MR models, it would dom-
inate the negative MR contribution through 9 T. The
fact that the low-temperature TMR is positive at lower
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fields but rapidly gives way to the negative MR as H in-
creases past 4 T means that the orbital contribution to
the TMR must increase more slowly than +H above 4 T.
This rules out large TMR effects from carrier compensa-
tion or open orbits, both of which increase as +H 2 in all
field regimes. While a simple two-band MR model®? does
predict a diminishing resistance increase in the strong-
field (w.7>1) limit, the large value of the resistivity
keeps the samples well within the weak-field regime
(w,.7<<1) up to the highest fields used. Therefore the in-
ferred weakening of the positive TMR cannot be simply
interpreted in terms of trajectory or standard band-
structure effects and remains an open issue. At the
present time, attempts to resolve this question are made
difficult because there is no published calculation of the
SrRuOj; band structure, to our knowledge.

The strong signature of negative MR in the longitudi-
nal geometry reveals that this component is independent
of the Lorentz force, and hence is not an orbital effect.
This in itself indicates some form of magnetic scattering.
The observed negative MR is almost certainly due to the
suppression of spin-flip scattering in a field, since this is
commonly observed in ferromagnetic materials.”* Recent-
ly, Klein et al.? investigated the magnetic and magneto-
optic properties of SrRuQO; thin films and reported that
the temperature dependence of the magnetization is dom-
inated by spin-wave excitations. Spin-flip or spin-
exchange scattering between conduction electrons and
such excitations could reasonably account for the nega-
tive MR behavior. This occurs, for example, in such
itinerant ferromagnets as ZrZn, and Sc;In,?® where
exchange-coupled scattering between nonmagnetic s-band
carriers and collective fluctuations of itinerant magnetic
d-band carriers dominates the low-temperature magneto-
transport behavior. In fact, the field and temperature
dependencies of the MR behavior in SrRuQ; are strongly
reminiscent of the behavior reported for these classic
itinerant ferromagnets.

Hpysteresis. There is clearly a large hysteresis effect in
the MR and magnetization data. The thin-film coercive
force and saturation field can be clearly identified both in
the MR “butterfly” plot and in the M vs H hysteresis
loop data (Fig. 4). The measured values for the coercive
force (0.5-1 T) and the saturation field (3—-4 T) in both
measurements are very large compared to those for com-
mon ferromagnetic films. For example, typical values for
NiFe films are on the order of tens of gauss. Most likely,
the large fields indicate strong pinning in SrRuQj; films.
The pinning is not a truly intrinsic property of the ma-
terial, but is strongly dependent upon the defect structure
in each individual thin-film sample. The epitaxial growth
process allows for grain boundaries to form, providing
domain-wall pinning sites that normally would not be
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present in single crystals. This is illustrated by compar-
ing our observed thin-film coercive force (~10 kG) to
measurements on SrRuO; single crystals ( ~ 3 kG) report-
ed in Ref. 2.

Phase transition. The second-order ferromagnetic
phase transition itself is well represented by mean-field
theory. The plot of (dp/dT) in zero field shows a discon-
tinuous jump at T.. Such a jump is well known to be
characteristic of the specific heat (c,) through a second-
order phase transition,!® so that dp/dT is proportional to
¢, near T, as expected from standard theory.

We have shown through the field-cooled resistivity
data that the kink in the zero-field resistivity near T, is
smoothed out in high magnetic fields. There are no
anomalies through 160 K in the 5.2 T field-cooled dp/dT
data. Thus the field suppresses the ferromagnetic phase
transition. The resistivity in a field from ~70 to 200 K is
always lower than the zero-field resistivity (i.e., negative
MR). Because of the suppression of the resistivity kink at
T, by the magnetic field, the largest difference between
the resistivity in field and zero field occurs near T,. This
suppression of the phase transition thus explains why the
negative MR shown in Fig. 5hasadip at T,.

V. SUMMARY

The magnetoresistance characteristics of STRuO; thin
films have been measured from well below to just above
the Curie point. At low temperatures, the magnetoresis-
tance is determined by a competition between a positive
orbital effect, which is Lorentz force dependent, and a
negative spin-flip suppression, which is independent of
the Lorentz force. The magnitude and functional form of
the TMR data are not fully consistent with conventional
trajectory or generic band-structure effects in the weak-
field limit. The TMR and LMR behaviors are at least
qualitatively similar to what is observed in itinerant fer-
romagnets. Hysteresis effects are observed with very
large characteristic fields, indicating that there is unusu-
ally strong domain-wall pinning in these thin-film sam-
ples. One source of such pinning may be in the grain
boundary structure in these films. The magnetic behavior
through the Curie point is well represented by mean-field
theory. The magnetoresistance shows that the phase tran-
sition is suppressed by an external magnetic field.
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